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Abstract 
Understanding the structure-property relationship of nanomaterials is fundamental to 
the design and development of nanodevices. Among various nanoscale structures, nanowires 
(NW) have attracted significant attention due to their remarkable properties (including 
chemical, physical, mechanical, optical and electrical) which lead to wide applications in 
various fields. With the continuous development of nanotechnology, nanowires with different 
morphologies have been produced which are demonstrated to be strong candidates to improve 
the performances of existing nanodevices. Despite the application promises of nanowires, 
their mechanical properties are the priority for the development of nanowires based devices 
and they need to meet minimum stress loading requirements before they can be built into the 
devices. Another issue lies in the existing studies that cover only limited nanomaterials. 
Nanowires made of silver, copper, silicon, zinc oxide and binary semiconductors receive 
widespread attention, whereas nanowires of numerous other versatile materials such as 
layered titanates remain overlooked. Such an imbalance in the investigation of nanomaterials 
is likely to hinder the ongoing applications and designs in the field of materials engineering. 
This thesis focuses on layered titanate nanowires and investigates the complex structure-
property relationship which will provide critical guidance and insights in the design and 
development of new applications.  
The overall mechanical properties and Young’s modulus of a single crystalline 
sodium titanate nanowire (STNW) are determined for the first time by conducting three-point 
bending tests on individual nanowires using an atomic force microscope (AFM). Primarily, 
STNWs with widths ranging from 20–700 nm are synthesised using a hydrothermal approach. 
Through the bending tests, a nonlinear increase of force-displacement (F-d) curve and a sharp 
fracture are observed which indicate the brittle behaviour of the nanowire. The experimental 
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results are fitted and analysed by theoretical approaches. Applying different theoretical 
models, it is concluded that the Euler–Bernoulli beam theory modified with axial extension 
and surface effect fits the experimental results extremely well. The Young’s modulus of the 
STNW is found to be independent to the NW length with a value between 21.4 GPa to 45.5 
GPa and an averaged value of 33 ± 7 GPa for an NW width around 400 nm. The yield 
strength of the STNW is around 2.88 GPa. Furthermore, the substantial bending anelastic 
behaviour of the STNW is observed via an in situ scanning electron microscope (SEM) 
bending test. This behaviour is found to be time-dependent and recovers faster than other 
single crystalline NWs like ZnO NWs.  
In situ transmission electron microscope (TEM) tests obtained the tensile properties of 
STNWs which show consistent brittle characteristic regardless of NW dimensions and defect 
density. Strikingly, a distinct defect motion, normally related to material ductility, is clearly 
observed in the brittle STNW. The measured Young’s modulus and fracture strain have a 
strong correlation with the initial defect density, and the defects are found to significantly 
enhance the extensibility of the NWs. After a tensile fracture, instant elastic recovery is 
followed by reversible motion of the defects and NW tensile anelasticity. Such a recovery 
trait is distinctive from the other single crystalline NWs which are considered incapable of 
tensile anelasticity. An in situ cyclic loading-unloading test shows that the mobile defects on 
the STNW shift and fade along the NW during loading and are found to restore their initial 
positions during unloading. Such abnormal reversible defect motion is likely a result of 
loading induced TiO6 layer gliding. It is confirmed that the brittle STNW can undergo 
reversible defect motion under tensile loading and demonstrate anelastic behaviour, which is 
not seen in other brittle materials. This suggests that the STNW can be applied as a damping 
material under both bending and tensile conditions. 
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Investigation of the STNW’s behaviour under electron beam (e-beam) shows a 
dramatic phase transformation phenomenon which delivers a novel concept of constructing a 
ceramic nanojoint which is extremely difficult to achieve by conventional methods like 
merging. It is demonstrated that titanate NWs can be joined by spot melting under electron 
beam irradiation (EBI). The irradiation causes phase transformation and fusion at the contact 
point of the titanate NWs and yields an intact nanojoint. Based on the initial position of the 
NWs and the irradiation direction of the e-beam, nanojoints with different morphologies can 
be produced. The joint consists of titanium dioxide (TiO2) rutile, anatase and titanate phases 
(in the direction away from the e-beam melting spot). The anatase phase is demonstrated to 
be stably bonded with the pristine titanate via a crystallographic matching coherent interface. 
On the other hand, anatase-rutile bonding is commonly observed. The strong bonding 
between the coherent interfaces maintains the structural integrity of the titanate ceramic 
nanojoint and this finding can be used to study nanojoints of other ceramic materials.  
The fusion phenomenon observed from the titanate joint formation leads to another 
novel nanomaterial manipulation technique, called spot melting, which is thoroughly 
demonstrated. The heat produced from an EBI treated rutile nanorod can be utilised to melt 
metal NWs (e.g. Ag, Cu and Ni). In comparison, direct melting of Ag and Cu under EBI is 
not applicable due to their high thermal conductivity even with high current density (500 
pA/cm2). The required e-beam energy is considerably mild (75 pA/cm2) so that in situ 
observation and precise control over the breaking can be achieved. It is found that the EBI 
induced spot melting is closely related to the thermal conductivity of the surrounding and 
target materials themselves.  
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Chapter 1 : Introduction 
This chapter presents the Research Background (Section 1.1), Research problems 
(Section 1.2), Objectives and Aims (Section 1.3), and the study’s Significance and 
Contribution to Knowledge (Section 1.4), followed by an outline and linkages between the 
chapters (Section 1.5). 
1.1 Research Background 
Over the last decade, nanotechnology has developed into an essential technology with 
wide range of applications almost in every aspect of human society. Looking at the latest 
discoveries in the nanotechnology field, highlights can be found in areas like environmental 
sciences [1], semiconductor electronics [2], energy storage [3] and biotechnology [4]. It has 
been widely reported that numerous novel and distinctive properties that can potentially 
enhance the performance of nanodevices, can be derived by using nanostructures. Usually, 
nanomaterials demonstrate properties that are superior to, or even unattainable in, materials in 
their bulk forms [5]. 
Among various nanostructures, it is acknowledged that NWs have a broad range of 
applications due to their intrinsic and morphological properties. NW materials, by definition, 
generally possess cross-sectional dimensions from 2–200 nm, ranging in length from 
hundreds of nanometres to millimetres. With the development of synthetic techniques, 
various solid materials or compounds can be produced in the shape of an NW or an NW array 
[6]. The type of NWs can be summarised into various groups of materials such as metals [7], 
metal oxides [8], binary semiconductors [9] as well as NWs bearing different compositions 
including core-shell or heterojunction structures [10]. These NW structures deliver various 
functionalities based on their different characteristics. Studies have shown that tremendous 
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benefits are brought to the performance of devices by applying wire-like nanostructures. The 
high aspect ratio (or length to width ratio) of NWs is preferable in numerous applications 
such as sensors [11], water treatment solutions [12], batteries [13], solar cells [14], 
electromechanical devices [15], and photonics [16]. Taking NW batteries as an example, the 
major advantage of NWs, compared to their bulk counterparts, is their capability to avoid the 
well-known pulverisation problem which is detrimental to battery life [17]. In water 
treatment solutions, NW adsorbents are much easier to collect compared with particle ion 
exchangers so they can be efficiently recovered from the contaminated solutions [18]. A NW-
based pressure sensor has been reported to have greatly improved sensitivity and stability [19] 
compared to a sensor which does not utilise NWs. Mechanically, it is also found that some 
NWs have over ten times higher yield strength compared with that of the bulk materials [20]. 
Titanates, with a chemical formula of M2nTimO2m+n (where M is a cation species), are 
widely acknowledged as functional ceramic materials with attractive properties such as 
dielectric, piezoelectric, ferroelectric, ion exchange and infrared radiation adsorption 
properties [21–24]. They have been broadly used as structural reinforcements in polymers, 
metals, and ceramic composites [25, 26]; and there are various applications developed from 
titanates or titanium oxides for industrial exploitation [27]. Among the titanates, sodium 
titanate is drawing tremendous attention due to its internal and surface structural properties. 
Like many alkali titanates, the TiO6 octahedra structures in sodium titanate are linked to form 
zigzag ribbon layers with exchangeable layers of Na+ cations between the TiO6 layers [28]. 
Different synthetic processes can generate various sodium titanate morphologies like NWs, 
nanotubes, and nanolamina as well as NW arrays [18, 29–31], Moreover, sodium titanate is 
often used as the pristine titanate structure to produce cation exchanged titanates and, 
subsequently, various phases of TiO2 [27, 32, 33]. Possessing ion exchange properties and 
properties whereby it can easily be formed into NW morphology, sodium titanate NW 
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(STNW) has become a promising candidate in Na-ion batteries [34–37]. In this regard, the 
Na-based battery technology has drawn great attention due to the broad distribution and low 
cost of the raw materials. Important applications can also be delivered by using sodium 
titanates, such as water purification [12, 18], bioactive ceramics [38], bio-scaffolds [39], fuel-
cell electrolytes [40], catalysts [41–43] and materials substrate [44, 45]. 
It is clear that the rapid development of STNWs and their applications demand a 
greater understanding of the mechanical properties of the NWs. Prior to their use in practical 
applications, a mechanical investigation of STNWs is a prerequisite for their design and 
usage since the materials are subjected to loading conditions in most of their working 
environment. Furthermore, mechanical property investigation of NWs at a nanoscale is 
considered fundamental to the material’s application and nanodevice development. This will 
bring knowledge into the design and manufacturing of devices such as nanocomposite 
strengtheners, nanoscale interconnectors and the active components in nanoelectromechanical 
system (NEMS) devices [15, 46, 47]. Before the NW is built into a device [48], knowledge of 
whether the NW is strong enough to bear the required bending deformation or how much the 
NW device can be bent or stretched becomes critical.  
From the material science point of view , distinctive mechanical properties observed 
on the nanoscale structures are also drawing great interest [9, 20, 49]. Apart from the intrinsic 
structural characteristics and atomic bonding, material defects can also be attributed to 
material properties like superplasticity on ceramic material [50], bending anelasticity on 
single crystalline nanostructures [51] and atypical strain hardening [52]. Despite the varying 
NW compositions, there are only a handful of material types that cover the currently studied 
1D nanostructures. The scope mostly focuses on metallic (e.g. Si [53], Ag [54], Ni [55], Au 
[56], Al [57]), binary oxide (e.g. ZnO [58, 59], VO2 [60]) binary semiconductor (GaAs [9], 
SiC [50], GaN [61]) and alloy (Ge2Sb2Te5 [62]) NWs. In these single crystalline systems, 
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due to the isotropic nature of the NWs, defect motion can be considered spatially free, or in 
other word, the impacts from the defects are considered unpredictable. Given that defects are 
closely related to the material’s mechanical properties, unsupervised defect migration can 
lead to defect interactions (e.g. forming clusters or cancelling each other out) and 
demonstrate precarious responses [63]. On the contrary, constrained defect motion could be 
realised by using heterogeneous nanostructures like superlattice, i.e. specifically oriented sub-
molecular structures like the internal layers of an STNW [64]. Therefore, deformation 
investigation of a layered NW structure could produce distinct material properties and novel 
insights into the structure-defect relationship that could broaden the horizon of nanoscale 
materials science.  
Another important aspect of nanotechnology development involves construction of 
nano-architectures, which requires techniques like joint formation and trimming. Among the 
key processing techniques, controlled joining of separate material parts is considered crucial 
regardless of the sample sizes. In the last decade, nanoscale joint formation including welding, 
brazing, soldering or bonding has become fundamental to the nanotechnology industry for 
assembly, manufacturing and refitting [65, 66]. Joining nanostructures has great potential in 
the bottom-up manufacturing of electrical and mechanical nanodevices. To produce 
nanojoints based on chemical bonds, factors such as surface geometry, chemical reactions 
and the physical properties of the materials involved must be considered [67]. Currently, 
nanojoint formation by separate components focuses on only the metallic NWs and carbon 
nanotubes [65, 66], taking advantage of their non-polarised atomic bonds. Alternatively, for 
NWs like Au, Ag [49] or indium tin oxide [68], direct formation of a nanojoint is possible via 
cold welding with extremely small sample sizes (diameter <10 nm) and precise 
crystallographic alignment. In comparison, ceramic materials are considered disoperative 
when applied in the formation of post-synthetic nanojoints and it is extremely difficult to 
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form ceramic nanojoints by conventional methods like merging. Major difficulties in the 
construction of ceramic joints are due to the covalent bonding and high melting points of the 
materials. To join ceramics nanostructures, the contacting region must be melted while, at the 
same time, the overall material integrity needs to be maintained. If the joining process forms 
multiple phases, these phases need to solidly bond to each other which becomes a formidable 
challenge given the polarised bonding property of the ceramics. Additional obstacles arise 
when the joint part sizes come down to a nanometre scale as visualization, accurate control 
and manipulation of the sample becomes challenging [65, 69]. To keep up with the rapid 
development of nanodevices, novel nanojointing approaches are greatly in demand to tackle 
the above challenges and to accommodate joining ceramic materials which have wide 
applications [70].  
Thermal behaviour of nanomaterials is also an important field of research in 
nanotechnology. In comparison to mechanical tests on nanomaterials, heat related testing and 
treatment techniques are less abundant and poorly developed. A common approach for 
temperature control is by using a heating staged equipped sampling holder [71]. This 
technique leads to an overall high temperature environment where all the samples are 
thoroughly heated [72] and, therefore, this heating approach excludes the possibility for 
discriminative sample treatment. At the nanoscale, it is reported that the melting temperature 
and thermal conductivity of nanomaterials are size dependent [73, 74], hence, an in situ 
technical approach for selective heat treatment to individual samples is required. 
Alternatively, pulsed light irradiation [7, 75] is a heating approach used to form metal joints 
[76] and used in other popular applications, e.g. killing cancer cells [77], polymer surface 
modification [78] and growing NWs [79]. Despite the control over the pulsed source energy 
parameters, this approach is not suitably integrated with precise imaging approaches and 
requires specialised machinery with an extremely high frequency light source [76]. Therefore, 
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to achieve heating and melting tasks on individual nanomaterials, more precise and visible 
approaches are in demand.  
It is widely acknowledged that interaction between electrons and solids produces 
numerous material behaviours such as phase transformation, oscillation and heating [80]. At a 
low current density, an e-beam is a powerful and essential element to characterise the 
nanoscale materials structures in TEM. Although sometimes considered destructive to the 
pristine material structure [81, 82], e-beam illumination is favourable for spot melting and 
promoting crystallisation [83, 84]. To explore the structure-property relationships, electron 
microscopes and micro-electromechanical systems (MEMS) are combined for in situ sample 
observation with high spatial resolution and accuracy [85]. Despite the development of 
nanoscale testing techniques, the concept of in situ temperature-tuning techniques is 
relatively new. A small heat source with a controllable electron beam induces thermal 
production and can be introduced next to the target specimen to precisely tailor or melt a 
nanomaterial. 
1.2 Research Problems 
The intriguing applications delivered by STNW structures have been attracting 
increasing attention, whereas little is known about its mechanical and electron beam 
interaction behaviours. This means that the basic information about such materials in the 
engineering applications and design is unknown which then hinders the development of the 
NW based devices. Apart from the advantages given by its fibril appearance, the functionality 
of the material is also based on its internal layered structure. For a comparatively complex 
crystal structure like an STNW, its deformation behaviours under external loading and 
electron interaction are not fully understood. This suggests that the ongoing process of 
exploration of novel nanomaterial behaviour is far from complete. Specifically, impacts from 
the material’s size, growth defects, electron interaction, and thermal energy to the 
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nanostructure are yet to be revealed. Based on the current circumstances, the research 
questions that need to be answered are listed below: 
 What are the mechanical behaviours of layered STNWs under different loading 
conditions? 
 What are the roles of defects in such complex crystal structures and how will they 
affect the STNW deformation behaviour? 
 How does the layered STNW react to an electron beam and what are the mechanisms 
behind the phenomenon? 
 From the above derived phenomena, are there implications to the applications of the 
nanostructure? 
1.3 Research Objectives and Aims 
An STNW with a layered structure is considered anisotropic among its longitudinal 
and vertical section directions which host two different kinds of atomic bonds (i.e. covalent 
and ionic). Barely any references can be found regarding the fundamental mechanical and 
physical properties of such a layered nanostructure. Herein, an objective of this study is to 
thoroughly examine the mechanical properties of layered STNW under different mechanical 
loading conditions to derive its structure-property relationships. Subsequently, this project 
aims to initiate an investigation into the behaviour of titanate NWs interacting with electron 
beam irradiation (EBI) and provide evidence to related applications based on the distinct 
properties determined. Herein, to answer the research questions, the specific aims of the 
project are listed below: 
(1) Synthesise STNWs with a high aspect ratio, obtain the NW structural information, 
and perform bending measurements to obtain the overall mechanical properties of 
the material. 
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(2) Apply in situ TEM measurements, to determine the mechanical tensile properties 
of STNWs. Through analysing mechanical deformation data and in situ TEM 
observations, examine the influential factors behind the deformation behaviour of 
the STNW. 
(3) Investigate the interaction between titanate NWs and incident electrons, the 
potential phase transformation during the process, and interfaces between different 
phases, and demonstrate related applications. 
(4)  Apply electron beam onto titanium-based nanomaterials and develop a localised 
heat production method to selectively melt (tailor) NWs with different melting 
points in a precisely controlled manner. 
1.4 Significance and Contribution to the Knowledge 
This project contributes to a number of knowledge gaps:  
• This research contributes to the knowledge gap about the mechanical properties of 
STNWs which reveal the overall brittle property and a large bending anealsticity of 
the NW. The findings provide useful guidance to its wide mechanical and engineering 
applications. 
• In situ TEM measurements reveal the atypical material deformation behaviour of 
STNW where massive defect migration is accompanied by a sharp brittle fracture. A 
slight tensile anelasticity is observed after the NW fracture which is considered 
improbable in other single crystalline NWs. This research shed lights on the 
deformation behaviour of a layered ceramic NW and suggests potential damping 
applications under tensile conditions. 
• Understanding the interaction of NW with electrons resulted in the development of a 
novel technique to form ceramic nanojoints, a process which is usually considered 
extremely difficult. The existence and importance of a coherent interface between 
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different titanate phases within the joint structure is illustrated which provides a useful 
reference to the formation of nanojoints in other ceramics.  
• Electron beam interaction with titanates produces dynamic fusion and melting 
phenomenon which suggests heat accumulation at low beam energy. Based on the 
high melting point of titania and the observation above, electron beam induced heat 
generation is applied to precisely melt individual metal NWs while maintaining visual 
access to the whole process. This technique contributes to the gap in knowledge about 
precise material manipulation and heating at a nanoscale, targeting individual 
nanospecimens. 
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1.5 Thesis Outline and Linkage between Chapters 
 
Figure 1-1: Thesis outline 
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Chapter 2 : Literature Review 
2.1 Introductory Remarks 
Nanotechnology has emerged as one of the most important technologies with a broad 
range of applications in the fields of chemistry, physics, engineering, materials science and 
biology. Along with the development of nanotechnology, numerous types of nanostructures 
are being produced. In the early 1960s, pioneering works of Wagner et al. have initiated the 
growth of large-sized whiskers and wires [86]. However, it was not until the 1990s when 
Kenji Hiruma at Hitachi Central Research Laboratories first developed methods for the 
growth of wires whose dimensions are within the range of 10–100 nm, which are then called 
“nanowires” [87]. From this point on, investigations into the synthesis and application of 
NWs have experienced a tremendous increase. Commonly regarded as a 1D structure, wire-
like nanostructures are among the most prominent morphologies in the field of 
nanotechnology development. It can be seen that the annual growth in new publications on 
NW materials has been so significant that the number of publications reached more than 
20,000 in 2014 and continued growth is expected. (Figure 2-1) [88]. Extensive investigation 
into NW synthesis approaches has resulted in the production of 1D structures of almost any 
composition. Based on the intrinsic material properties and the structural characteristics of 
the NWs produced, some of the physical, chemical and optoelectrical properties of these 
NWs are reported to be superior to, or unattainable in, their counterparts in other forms [5]. 
As the dimensions of the 1D materials decrease, distinct or enhanced mechanical properties 
have also been observed such as joint formation through cold welding [49], superplasticity 
[50], bending anelasticity [51] and an increased elastic modulus [89]. As the size of the NW 
shrinks, impact from factors like surface effect, defect density and stress concentration 
becomes a lot more significant to the mechanical properties as their volume ratio becomes 
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larger in a small system. Despite the tremendous attention being directed toward NW 
applications and development, investigations into their mechanical properties comparatively 
lag behind. 
In this chapter, a detailed literature review on NW materials is presented which 
includes applications, synthetic techniques, mechanical testing techniques, and mechanical 
behaviour. Each section has a summary and a discussion and the latest review papers about 
NW materials are also presented.  
 
Figure 2-1: Growth in numbers of publications on 1D nanostructures which include 
nanowires, nanotubes and nanopillars. Adapted from reference [88]. 
2.2 Applications of Nanowire Materials 
In the following sections, summaries and discussions are presented which focus on 
the advances in NW applications including sensors, bioapplications and drug delivery, 
electronics, water treatment and information storage. 
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2.2.1 Sensors 
NWs are considered to have an ideal morphology for sensing applications due to their 
large surface-to-volume ratio as well as the short response time from their well-defined 
geometry [90–92]. The types of applications vary largely due to the differences in the 
intrinsic properties of the materials used. The materials functionality can include surface 
modification, ion exchange, charging, hydrophobicity etc. Complex structures based on 1D 
nanomaterial can also be designed such as NW arrays [14], “tree-like” NW structures [93], 
and NW flowers [29]. In general, the high aspect ratio of the NW morphology is the common 
favourable feature for practical purposes. This trait can enhance the functionality of the NW 
based sensor in various aspects such as ultrasensitivity, higher selectivity, low power 
consumption and rapid response time [11]. In the field of NW sensors, there are several 
divisions based on the sensing target that cover gas sensors [11], protein sensors [94], pH 
sensors [95], humidity sensors [96], and light sensors [97]. In this section, examples of 
improvement to the sensing performance are illustrated and discussed. 
For the nanoscale sensors, the fundamental sensing mechanism (which essentially is 
adsorption and desorption of molecules that changes the electrical properties of the sensing 
element) remains the same across sensors with different morphologies and components. 
However, when the sensor is made using NWs which possess a high surface-to-volume ratio, 
a few target molecules can be sufficient to change the electrical properties which will allow 
molecule detection with very low concentrations of the target molecules. Moreover, sensing 
response time can be greatly reduced compared with sensors made using materials in their 
bulk form [98]. Taking advantage of the surface properties of different NWs, functional 
group grafting or coating can be applied which can greatly improve the sensor performance. 
For instance, when an organic self-assembled monolayer (tris(hydroxymethyl)aminomethane) 
is adsorbed onto a ZnO NW based sensor, it is reported to sharpen the dynamic response 
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towards ammonia, nitrous oxide and nitrogen dioxide [99]. For ZnO based gas sensors, a 
good review paper can be found which provides more demonstrations and discussion [100]. 
Using the surface hydroxyl groups on Si NWs, modifications can be made by stabilising the 
amino group based silane onto the surface of the NW (Figure 2-2a) [95]. Conductivity 
measurement of the NW based sensor shows a stepwise increase with discrete changes in pH 
as depicted in Figure 2-2b. The sensing mechanism is attributed to the difference in the 
dissociation constant between the -NH3 and -SiOH groups of the structure. It has also been 
reported that when using tin oxide NW doped with indium, the response and recovery time 
for the developed ethanol sensor can be shorter than 2 seconds [101]. For other sensing 
applications, monitoring and control of humidity are considered essential in various fields of 
industry and for human life. By growing ZnO nanorods and NWs on a Si substrate, high 
sensibility, and a fast response time is recorded at room temperature. The underlying 
mechanism of a humidity sensor is to measure the resistance of the NW based film under 
changing humidity environments where high humidity leads to an increase in the NW 
resistance [102]. 
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Figure 2-2: (a) Schematic illustration of an amino-functionalised Si NW pH sensor. (b) Real-
time detection of the NW conductance for pH ranges from 2 to 9. Top inset shows the 
conductance versus pH and the bottom inset is an image showing Si NW device. Adapted 
from reference [95]. 
Improvement of sensing selectivity and stability is also reported for NWs 
manufactured in the form of a vertical array [11]. When the array sensor is exposed to 
analytes, the sensor creates a pattern across the array. In this case, it is reported that analysis 
programs such as pattern recognition, neural networks or principal component analysis can be 
applied to identify and quantify the distributed response pattern. Overall, it is generally 
considered that a single NW based sensor cannot distinguish different analytes and the 
presence of other chemical components can influence the sensing response [11]. Therefore, 
low selectivity is commonly faced with these sensors and thus, sensors composed of different 
types of NWs with multiple sensing capabilities are needed to tackle a more complex 
environment.  
2.2.2 Bioapplications and drug delivery 
Biomolecules are often found in a complex mixture of various components; therefore, 
biomolecule separation and filtration become a significant task for analytical and biological 
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development. By randomly growing the NWs on a porous substrate, the cross oriented NWs 
can function as a trap to filter out larger bio-debris while letting the smaller components such 
as DNA pass through the porous membrane. A schematic illustration of the above application 
is depicted in Figure 2-3 [103]. Sieving of DNA and RNA molecules with ultra-fast 
separation time is also reported on 3D SnO2 NW traps [104]. Using the vapour–liquid–solid 
(VLS) method, smaller NWs can be grown onto their host NWs in different directions under 
the guidance of the catalyst. The structural morphology resembles tree branches which 
function efficiently as traps.  
Apart from physical separation, NW surfaces can also be modified for 
electrochemical interactions with biomolecules. The bio-enrichment process is similar to the 
initial steps of bio-sensing applications only without the electric probing process. After being 
attracted to the NW based sorbent, biomolecules can then be collected and purified for further 
applications. As an example, functional amino groups can be grafted onto ferrite NW 
surfaces and subsequent modification with glutaraldehyde leads to trypsin enrichment [105]. 
Functional groups on protein molecules can form covalent bonding with the functional 
groups on the sorbent or get adsorbed by non-covalent adsorption. After capturing the target 
molecules, the NW sorbents can be recovered by various methods including centrifuge, 
sedimentation or magnetic attraction. Access to surface modification, high surface-to-volume 
ratio, and the magnetic property of the developed sorbent provides facile recovery and 
efficient protein uptake.  
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Figure 2-3: (a) A SEM image of a hierarchical silicon nanospikes membrane. (b) A zoomed-
in view of the ultrasharp nanospikes (c-f) A schematic illustration of the cell lysis procedure 
using randomly oriented NWs grown on a porous membrane substrate. Adapted from 
reference [103]. 
For particle-based drug delivery applications, a concern arises when the size of the 
delivery particles is not suitable. For instance, small drug delivery particles make it difficult 
to withstand the flow of the blood stream, whereas large particles might cause vessel 
embolisation [106]. The shape of a NW resembles a needle which makes it a perfect tool for 
puncturing cell membranes for potential drug delivery applications. Thus, NW morphology 
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can effectively overcome the limitation of particle carriers. Applying a magnetic property 
from materials like FePd NWs, drug delivery can be carried out in a controlled way with the 
assistance of the magnetic field [106]. Another drug delivery application is based on a porous 
NW as a carrier. Porous silicon NWs can be synthesised in a manner such that effective drug 
components can be placed inside the pores of the NWs [107]. For example, the above porous 
silicon NW is reported to be effective in cancer cell treatment. In the case of drug delivery to 
target cells, it is convinced that more investigation needs to be done in regard to cell 
membrane recovery after being punctured by the NW carrier. 
2.2.3 Electronics  
Electronics including optoelectronic devices have a great impact in many areas of 
human society from household appliances, medical devices, computers and multimedia 
systems etc. As demand continues for electronic devices to become “smaller and smarter”, 
development of nanoscale devices is considered critical to the extended functions for 
enhanced performance. NWs with semiconducting properties are a class of important 
candidates for electronic applications. A variety of devices are applied to amplify electronic 
signals, perform logic operations or store charge in digital memories [108]. Generally, 
controlled NW growth and organisation techniques are applied to construct uniform NW 
array structures which deliver substantial opportunities for the NW based electronics. 
Silicon NW arrays are widely investigated nanostructures due to their large surface to 
volume ratio and ability to scatter and trap incident light. They are considered promising 
candidates as building blocks for thermoelectric devices [5, 109], field effect transistors [110, 
111] and solar cells [6, 112, 113]. Hochbaum et al. have shown that Si NW arrays possess 
properties of a high-performance scalable thermoelectric material which, in comparison, is 
unattainable to bulk Si [5]. It is concluded that the enhanced thermoelectric figure of merit ZT 
can be attributed to the scattering throughout the phonon spectrum by introducing 1D 
      
Chapter 2: Literature Review Page 19 
nanostructures at different dimensions. It has also been reported that solar cells made from 
InP NW arrays demonstrate a 13.8% efficiency. Due to the vertically oriented NW structure, 
the performance of such solar cells is comparable to the plane InP cell and yet it covers only 
12% of the surface [14].  
Another popular NW based electronic application is based on dispersing NWs on a 
flexible surface, where the thin film made by conductive NW dispersion can result in high 
electrical conductivity and optical transparency which are critical for modern devices such as 
touch panels, e-papers, organic light emitting diodes, liquid-crystal displays and solar cells 
[114]. Metal NWs are considered important candidates in conductive transparent film 
applications (apart from graphene-based materials) mainly due to its superior electric 
conductivity. Despite being opaque when in its bulk form, metals can be transparent and 
flexible when they are very thin and properly arranged at the nanoscale [115]. The wide 
applications of the metal-based flexible conductive films have also triggered an investigation 
into the joint formation between the metal NWs [116]. Overall, materials with a large aspect 
ratio are often desirable in the construction of nanoscale electronic devices, and these 
materials and applications have been reviewed by various researchers [108, 117].  
2.2.4 Water treatment 
For water treatment and purification, the application of 1D nanostructures as sorbent 
has various advantages. Apart from the large surface-to-volume ratio, which increases the 
contact opportunity with the target substances, the fibril shape makes the NW based sorbent 
easy to recover via either sedimentation or centrifuge [118]. The hazard uptake mechanism 
can be mainly divided into surface stabilisation and interlayer ion exchange. Effective 
removal of radioactive iodine anions from aqueous solution can be achieved by using titanate 
or vanadate NWs anchored with silver species [119]. Formations of small Ag2O 
nanoparticles (10–50 nm in diameter) are observed on the NW surface (Figure 2-4a) which 
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can stably bind the former via coherent interfaces. The crystal orientation between the NW 
substrate and the anchored Ag2O particles forms a crystallographic matching in which way 
the surface energy is reduced [33]. A large quantity of Ag2O nanoparticles can function as 
traps for iodine ions and then stabilise them by forming AgI nanoparticles (Figure 2-4b). The 
captured iodine (AgI) also possesses coherent interfaces with the substrate and, therefore, can 
be safely removed from the solution. Surface modification of NWs with organic silane is also 
used to capture heavy metal cations. After stabilisation via forming chemical bonds, the thiol 
group at the free end of the silane can form stable bonds with metal cations and act as the 
functional group (Figure 2-4c, d) [120].  
Another way to capture hazardous ions from water is via ion exchange with a layered 
1D structure like titanate NWs or nanotubes. It is reported that after ion exchange, the larger 
hazardous cations (Sr2+, Ba2+) can be trapped between the negatively charged layers due to 
the collapse of the layers during ion exchange [118]. This is critical for the sorbent as the 
securely trapped hazardous ions are not likely to escape from the layer to cause secondary 
pollution. Efficient recovery of the NWs via sedimentation is reported on such NW based 
sorbent compared with particle shaped sorbents. 
In addition, outstanding uptake ability of oil components is demonstrated on self-
assembled NW membranes. The porous structure formed by the randomly oriented NWs and 
their hydrophobic surface property contributes greatly to the oil uptake amount which is 20 
times the sorbent weight [30]. Furthermore, the NW membrane can restore the original sheet 
morphology once resuspended in aqueous solution which suggests reusability of the 
membrane. The same principle could be applied for enrichment or removal applications 
targeting various kinds of adsorbates. In all, NW based sorbents are ideal candidates for water 
treatment applications. Further development could take advantage of the above capabilities 
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and focus on constructing NW based mesh structures which can be used in an industrial fix-
bed column. 
 
Figure 2-4: (a) Typical TEM image showing the abundant Ag2O crystals (5−10 nm) 
dispersed on a vanadate NW. (b) A TEM image of numerous AgI crystals (10−15 nm) 
formed on a single vanadate NWs. (c) Solid state 29Si MAS NMR spectra of thiol grafted 
small γ-Al2O3 NWs. (d) Schematic diagrams of irregularly aggregated functionalised γ-
Al2O3 NWs (left) and a single functional group grafted γ-Al2O3 NW (right). Adapted from 
references [119, 120]. 
2.2.5 Information storage 
Phase change materials (PCM) have received tremendous attention for their use in 
electrical or optical data storage [121, 122]. Compared to charge-based devices, PCM-based 
devices can store data as the material’s state is switchable between a low-resistance 
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(crystalline) and high-resistance (amorphous) phase, which renders them non-volatile 
memory storage. As nanodevices proliferate, scaling limitations becomes a critical issue, in 
which case 1D nanostructures are promising candidates to achieve the ultimate scaling limits 
of PCM technology [123]. The inherently high aspect ratio of 1D nanostructure is likely to 
enhance the thermal and electrical properties of NW based PCMs [124]. It is also reported 
that the lower melting point of a nanoscale semiconductor, compared to its bulk counterpart, 
allows a lower thermal energy to induce phase transformation [124]. Previously, germanium 
antimonide telluride was primarily investigated for random access memory applications, 
whereas now, investigations into other alternatives such as GeTe, SbTe and InSbTe are also 
being carried out [125–128]. Baek et al. demonstrated that by conducting surface treatment 
(SiO2 passivation) on In2Se3 NWs, the operation voltage can be lowered. This phenomenon 
is attributed to the reduction of heat dissipation of the NWs caused by the SiO2 passivation 
[124]. Furthermore, self-aligned PCM wires with carbon nanotube electrodes are reported to 
deliver ultralow power operation and electrical characteristics (on/off ratio) [123]. A detailed 
elaboration on the synthesis and phase change mechanism of the NW based PCMs can be 
found in the review paper [129].  
2.2.6 Summary  
NWs are believed to be the building blocks for the next generation of nanodevices and 
wide applications of NWs in different fields will be demonstrated. The key factor lies in the 
NW morphology which gives it a large aspect ratio, makes it easy to collect (by centrifuge or 
sedimentation), and provides accommodating access to manipulating operations on individual 
NWs. On the other hand, intrinsic properties such as optoelectric behaviour, surface 
functional groups, charge, and ion exchangeability are undoubtedly the basis for a vast array 
of applications. Upon examining the working environment of the NW devices, most of them 
are required in dynamic surroundings such as air, liquid or implied mechanical loading. 
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Therefore, mechanical properties investigations of the NWs are of great significance in terms 
of the practical applications, design and development of novel 1D nanostructures.  
2.3 Synthesis of Nanowires 
One-dimensional crystalline nanostructures can be synthesised by various approaches, 
while the essence of their formation is about crystallisation [130]. Primarily, solid NW 
growth from vapour, liquid or solid phase includes two basic steps: nucleation and growth. 
Along with the increase in the building block (i.e. atoms, ions or molecules) concentration, 
small clusters (nuclei) are formed through homogeneous nucleation. By continuously 
supplying the building blocks, these tiny nuclei can function as seeds for further growth thus 
forming larger structures. Generally, it is accepted that to form perfect crystalline structures, a 
reversible pathway between the building blocks on the solid surface and those in the media 
(i.e. vapour, solution or melt) is required. The above conditions accommodate the building 
blocks to allow them to easily locate the correct positions while forming the long-range-
ordered crystalline lattice. Additionally, the building blocks should be supplied at a well-
controlled rate to ensure the formed crystals possess a homogeneous composition and 
uniform morphology [131]. When developing a novel synthetic method for fabricating 1D 
nanostructures, three major issues need to be taken into consideration: simultaneous control 
over dimensions, morphology and uniformity. In the past decade, a variety of methods have 
been applied to generate 1D nanostructures and in the following sections, these synthetic 
methods are reviewed and discussed. 
2.3.1 Template directed method 
Template directed synthesis is a simple and straightforward approach to fabricate 1D 
nanostructures. In this method, a template is used as a scaffold into which different 
substances are injected and shaped into a nanostructure with a morphology complementary to 
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that of the template. It is accepted that the template directed approach provides a facile, high 
yield and cost-effective way to fabricate NWs with various compositions in a single step. 
Generally, the types of the applied template can be referred to as either hard or soft template. 
Anodised aluminium oxide (AAO) is mostly used as the hard template whereas soft templates 
can vary from simple surfactant micelles to complex templates like peptides, carbon 
nanotubes, or viruses [132, 133]. After the formation of NWs within the template, it is often 
necessary to selectively remove the template using treatments like chemical etching or 
calcinations to obtain the resultant nanostructures with uniformity. A typical synthetic 
approach to produce 1D nanostructures using the template directed method is depicted in 
Figure 2-5, whereby Cu2ZnSnS4 NWs and nanotubes are produced [134]. A large variety of 
NWs can be synthesised using this method, namely metals (Pd, Cu, Ag and Au) [135], metal 
oxides like MoOx [136], MnO2 [137], Fe2O3 [138] and TiO2 [139], organic polymers [140], 
semiconductors: Ag2Se [141, 142], SiO2 [143], CdTe [144], CdS [145] CuZnSnS4 [146] and 
carbon nanowires [147]. It can be concluded that the template directed method can be used to 
obtain NW structures of almost any composition. However, NWs synthesised by this method 
are often polycrystalline and the product yield per batch is also relatively low. 
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Figure 2-5: Schematic illustration showing the formation of Cu2ZnSnS4 (CZTS) NWs and 
nanotubes. Adapted from reference [134]. 
2.3.2 Vapour–liquid–solid (VLS) method 
First developed by Wagner and co-workers to produce micrometre sized whiskers in 
the 1960s [148], the VLS process seems to be the most successful method to produce NWs 
with single crystalline structures in relatively large quantities. Subsequently, this method is 
re-examined to generate NWs from a wide range of inorganic materials [131]. Typically, a 
VLS process starts with the dissolution of gaseous reactants into droplets of a catalyst metal 
with nano-sized dimensions. Then, single-crystalline NWs can grow from the process of 
nucleation and the growth is induced by liquid droplets, the sizes of which remain unchanged 
during the entire NW growth process. When the liquid droplet is supersaturated with the 
reactant material, NW growth will proceed at the solid–liquid interface. Notably, the vapour 
pressure in the system needs to be kept sufficiently low to avoid secondary nucleation within 
the system. Physical methods like laser ablation, thermal evaporation and arc discharges, as 
well as chemical methods like chemical vapour transport and deposition are used to generate 
vapour species [131]. It is reported that there are no significant differences in the quality of 
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NW fabricated via the above methods. A detailed illustration of the VLS process is depicted 
by Yang et al. [149] through observing the in situ growth of Ge NW inside a TEM chamber. 
Apart from Ge, various kinds of 1D nanostructures are synthesised by the VLS method 
including III-V semiconductors like GaN [150], GaAs [151], GaP [152], InP [14], II-VI 
semiconductors such as ZnS [153], ZnSe [154], CdS [155], CdSe [156], and oxides like ZnO 
[157, 158], MgO [159], and SiO2 [160]. Furthermore, a review of oxide NW materials that 
exhibit extensive catalytic growth has been conducted [161].  
A critical element for the VLS method is the presence of a foreign catalytic agent 
(usually a nanoparticle or a nanocluster made of metal atoms) for the nucleation of NW [162] 
and the diameter of the NW is dictated by the size of the catalyst. A schematic NW growth 
procedure is depicted in Figure 2-6. Briefly, under elevated temperatures, the metal catalyst 
forms liquid alloy droplets by adsorbing the introduced vapour components. As the alloy 
droplet is supersaturated, it forms a solution with an actual concentration that becomes higher 
than the equilibrium concentration. Consequently, precipitation of the saturated component 
occurs at the liquid–solid interface to maintain the minimum free energy of the system. 
Hence, the growth of 1D nanostructures begins and it continues under the continuous supply 
of the vapour component [163]. Detailed discussions have been published regarding step-by-
step investigations of the VLS-based NW growth mechanism [161, 162]. Combined with 
nanolithography, the NWs produced using the VLS approaches can be extraordinarily 
uniform in their alignment; however, a recent investigation shows that even under the 
cleanest growth environments, the VLS method may fail to produce long and uniform NWs 
with similar diameters [162]. Despite being widely used as a technique to produce NWs with 
near perfect crystalline structures, the challenge still exists when using the VLS method to 
select an appropriate catalyst that can function with the vapour–solid interface to guarantee 
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the growth of the required NW structures. This mechanism is confirmed by detecting the 
presence of the nanoparticles at one of the ends of the nanowire by in situ TEM [164]. 
 
Figure 2-6: Schematic illustration shows the growth process of a 1D nanostructure using the 
vapour–liquid–solid method. Adapted from reference [163]. 
2.3.3 Solvothermal method 
The solvothermal synthesis approach applies a solvent under pressure and temperature 
above its critical points to increase the solubility of a solid and speed up the reactions 
between solid reactants. Along with being cost-effectiveness and easy to scale-up, the 
solvothermal method also has the benefits of both the sol-gel and hydrothermal methods 
[165]. Generally, a precursor and a capping agent are required to regulate or template the 
crystal growth and to obtain NWs with desired morphology. To ensure the fibril structure, the 
ratio of the precursor and capping agent needs to be adjusted properly. Then, the mixture of 
reactants is usually placed in an autoclave to allow the growth of NWs to proceed. To 
precisely control the size, shape, distribution and crystallinity of the NWs, experimental 
parameters like reaction time and temperature as well as solvent, surfactant, and precursor 
types can be altered. Single crystalline TiO2 NWs with ultralong lengths (a few millimetres) 
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are reported to be produced via the solvothermal approach which allows for the production of 
large quantities of the NWs. CdS NWs with uniform structural characteristic were produced 
by Wang et al. with a high product yield as well [166]. Heath et al. [167] applied 
solvothermal synthesis to fabricate Ge NWs by reducing GeCl4 with sodium in an alkane 
solvent at 275˚C and 100 atm. Subsequent works have greatly exploited this method to 
synthesise NWs [168], tubes [169] and whiskers [170] of different materials. Despite the fact 
that this method is widely used in chemistry laboratories and can be scaled up to produce 
considerable amounts of the product, the purity and uniformity of size and morphology are 
relatively poor. 
2.3.4 Metal-assisted chemical etching (MACE) method  
As a simple and low-cost method, the MACE method has attracted growing attention 
in the recent years. This method allows accurate control over several parameters including 
cross-sectional shape, diameter, length, orientation, and doping type [171]. No expensive 
equipment is required for the MACE method and all the procedures can be carried out in a 
chemistry laboratory. Compared to the bottom-up VLS method, it has the ability to control 
the orientation of the crystalline structure (e.g. Si) which becomes diameter dependent on 
VLS-based methods. The MACE method also allows the generation of vertically aligned 1D 
nanostructures with various cross-section shapes (depicted in Figure 2-7a) whereas the VLS-
based method can produce only circular NWs. However, the surface of the NWs produced via 
the MACE method is generally rougher than those produced via the VLS method, while 
internal defects are reported to be very low for MACE produced NWs.  
The MACE method is capable of producing NWs from various substrate materials 
such as Si [172], Ge [173], GaAs [174], GaN [175] and SiC [176]. The basic principles of the 
MACE method are as follows. Primarily, a substrate covered by a noble metal is exposed to 
an etchant composed of hydrogen fluoride (HF) and an oxidative agent. The substrate 
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underneath the noble metal is etched much faster than the non-covered substrate which 
results in the deposited metals sinking into the substrate. A schematic illustration of the 
MACE process on a Si substrate is depicted in the Figure 2-7b. As depicted, the oxidant is 
reduced at the noble metal surface due to the catalytic activity of the noble metal on the 
reduction of the oxidant. A detailed interpretation of the electrochemical process has been 
published and it was stated that the exact diffusion process in the MACE process is under 
debate [171]. Furthermore, it was noted that the etching morphologies of the non-silicon 
semiconductors have been well characterised while the detailed etching mechanisms remain 
unclear. It is apparent that more investigation is needed into the proliferation of the MACE 
method to other materials. 
 
Figure 2-7: (a) Scheme of etched morphologies (right column) produced by metal catalysts 
with different shaped noble metals (left column). (b) Schematic illustration of the process 
involved in metal-assisted chemical etching. Adapted from reference [171].  
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2.4 Testing Techniques for Nanowire Mechanical Properties  
Mechanical measurement of individual NWs is a challenge due to the difficulty in 
sample handling, and in carrying out standard mechanical tests on objects of a nanoscale. 
Currently, scanning electron microscopy/focus ion beam (SEM/FIB) dual beam system 
equipped with manipulation systems (robotic arm) is widely applied to handling individual 
NWs [15]. To obtain the mechanical bending properties of NW materials, several techniques 
are applied which include a nanostressing stage within SEM [177], TEM [60] and AFM [178]. 
Experimental investigation of the nanoscale material tensile [179] and resonance [180] 
properties can also be found. Visual access provided from the SEM allows selection of the 
target NW and FIB assisted milling and metal deposition can be used to position the NW. For 
mechanical characterisations, force probing equipment such as AFM, nanoindentation 
systems, and in situ electron microscopes assisted by MEMS are gaining broad popularity in 
the structure-property relation investigation at a nanoscale. In this section, the techniques 
applied to deriving the mechanical properties of NW are summarised and discussed.  
2.4.1 Atomic force microscope 
Apart from being a powerful surface imaging tool, an AFM can be used as a force 
probe in both vertical and lateral directions by measuring the deflection of the AFM 
cantilever given that the spring constant of the cantilever is known. Commonly, a bending 
test using the AFM is applied for mechanical characterisations due to its high spatial 
resolution and accuracy/sensitivity towards force measurement. NWs can be bridged across a 
trench and the concentrated force can be generated by the AFM tip at a certain point on the 
fixed NW to perform a bending test [150, 181–188]. (Figure 2-8a, b). The topography of the 
bridged NW can be first obtained via AFM tip scanning and the loading point can be 
accurately positioned within the imaged area. Such an AFM test is free from electron 
microscopic imaging and thus friendly to electron beam sensitive samples. Alternatively, the 
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AFM cantilever can be implemented inside a TEM and function as a manipulator (Figure 2-
8c, d) [189]. Implementing an AFM into a SEM allows a different approach to accurately 
locate the indent point and grant manipulation over nanoscale objects [190]. It is worth 
mentioning that the AFM based techniques also facilitate force measurement from a lateral 
direction [191], whereas calibration for lateral force measurement is more challenging. 
Overall, an AFM offers advantages of precise force-displacement (F-d) analysis from 
different directions and can be used to perform nanoscale mechanical testing in air or even in 
a liquid environment. 
 
Figure 2-8: (a) An FESEM image of an NW nanobridge (b) Schematic diagram showing the 
geometry of a three point bending test; PSD represents position-sensitive detector. (c) Photo 
image showing a STM unit built in a TEM holder which functions as a nanomanipulator. (d) 
Experiment setup. A conductive AFM cantilever was installed on the specimen holder and 
used to characterise the NW and measure the force applied on the NW. Adapted from 
references [188, 189]. 
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2.4.2 In situ electron microscopic techniques 
To observe the “on site” changes during the materials deformation is the paramount 
goal of in situ time resolved techniques. As the size of target materials reach the nanoscale, 
high resolution electron microscopes become essential to combine with the load generation 
part, which is usually a piezoelectric actuator built into the sample holder [192]. Depending 
on the sample size, loading conditions and electron beam sensitivity, loading tests can be 
performed either inside a SEM or a TEM. For an in situ SEM test, sample deformation 
showing morphological changes can be observed while the internal structural deformation 
cannot be seen. The benefit of an in situ SEM test is that the measurable sample size can be 
considerably large (hundreds of micrometres). In comparison, an in situ TEM test 
accommodates only samples with a thickness less than 200 nm (sample dependent) to obtain 
visual access. In both of these techniques, compression or bending load can be directly 
applied to the specimen, whereas the tensile test needs a specially made 
microelectromechanical system (MEMS) device to generate the tension effect on the sample. 
A MEMS device as shown in Figure 2-9a can be applied to convert the compression from 
the indenter tip to the tensile effect at the NW placed on the centre [60]. Based on its 
functionality, the device is known as a push-to-pull (PTP). Moreover, electrodes can be added 
to the PTP device to allow detection of the piezoelectric properties of 1D nanostructures 
(Figure 2-9b) [179]. With the assistance of MEMS devices, in situ techniques serve as 
powerful tools to observe and exploit nanoscale mechanical/electrical properties. 
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Figure 2-9: (a) A SEM image of the fabricated push-to-pull (PTP). As the device is pushed at 
the semicircle end, the gap at the centre of the device (dashed rectangle) expands while the 
motion stays in the viewing field of the TEM. Reprinted with permission [60]. (b) A SEM 
image of the three-probe method for electrical and piezoelectric measurement of ZnO NW. 
Adapted from reference [179].  
2.4.3 Nanoindentation 
The nanoindentation technique includes a number of indentation, hardness and scratch 
tests applied to a small volume. Compared to the AFM which is primarily used as an imaging 
tool, nanoindentation functions as a mechanical testing tool that allows a larger force range 
(up to hundreds of mN). The commercial indent tip for nanoindentation is usually 
comparatively larger than that of an AFM tip which makes it very difficult to position on 
nanoscale specimens; nevertheless, it is worth mentioning that some nanoindentation also 
provides in situ scanning probe microscopy imaging [193]. The calibrations involved in a 
nanoindentation test are usually customised within the accompanying programmes which 
make its usage more convenient. Direct materials indentation or performing indentation on 
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nanoscale objects sitting on a substrate can be achieved by nanoindentation to obtain the 
related mechanical properties [194, 195]. Use of nanoindentation for NW three-point-bending 
tests is, however, rarely reported.  
Overall, increasing demands for nanomaterial property investigation has triggered the 
development of various experimental testing approaches, especially for 1D nanomaterials. 
For instance, mechanical testing techniques on 1D nanostructures are covered in the study 
focusing on piezoelectric NWs [15].  
2.5 Mechanical and Physical Behaviours of Nanowire Materials 
As the size of materials shrinks to a nanoscale, a number of interesting mechanical 
and physical properties can be observed that are often attributed to the increase in the number 
of surface atoms compared to the total number of atoms within the materials. On the other 
hand, the impact from material defects is more greatly pronounced as the relative volume of 
the structure increases. Consequently, 1D nanostructures demonstrate behaviours including 
size-dependency, brittle-to-ductile transition, anelasticity, formation of nanojoints and, cold 
welding that are unattainable for their bulk counterparts. To exploit and understand these 
behaviours, clear observation and accurate measurement of the materials deformation is 
required. In this section, mechanical and physical behaviours at a nanoscale, based on the 
previously reported works, are closely looked at and discussed.  
2.5.1 Size dependency of elastic modulus 
Elastic modulus is generally considered the intrinsic property of the material which 
relates to the chemical bonding. However, numerous studies show that as the material’s size 
become considerably small (diameter less than 150 nm), the elastic modulus increases 
dramatically [179, 191, 196]. ZnO in the form of NW is one of the most investigated 
materials for mechanical properties, because of piezoelectricity. However, the reported value 
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of the elastic modulus of ZnO NWs fluctuates in a large range where a dual-mode resonance 
test gives 52 GPa [197] and a three-point bending test gives 29 ± 8GPa [198]. These values 
are lower than the bulk value (58 GPa) [199] measured by a mechanical resonance test. 
Interestingly, a much higher elastic modulus of 140 GPa is also measured for ZnO NWs with 
diameters less than 200 nm and the maximum modulus reaches 220 GPa for NWs with a 
diameter as small as 50 nm. A numerical investigation of first-principles density functional 
theory (DFT) shows that a good increasing trend is observed as the NW diameter size 
decreases on Ta NW [200], and this size dependency is attributed to the surface effects. 
However, numerical calculation on Si NW shows a completely different trend in the NW 
width and elastic modulus relationships [200]. 
Reported works show that the increase in elastic modulus with the decrease in 
dimensions is not a consistent phenomenon among different NWs. For instance, the measured 
elastic modulus of ZnS NW decreases by 52% compared to the material in bulk form [201]. 
For single-crystalline GaN NWs with diameters ranging from 60 nm to 110 nm, the elastic 
modulus fluctuates between 33 to 65 GPa where no sign of size dependency shows [202]. For 
a homogeneous structure, different crystalline orientation may result in completely different 
size dependency of elastic modulus as demonstrated by Zhou et al. [203]. It is concluded that 
the elastic modulus is largely related to the surface quality at nanoscale. For example, if the 
NW surface possesses a layer of different materials with lower Young’s modulus, as the 
overall size of the materials decreases having the consistent layer thickness, the combined 
Young’s modulus would decrease and vice versa. The overall surface softening or stiffening 
depends on the electron redistribution competition and the lower coordination on surfaces. 
Despite the widely documented size dependency, it is safe to say that elastic modulus 
variations between different NWs are not simply governed by their dimensions and it is likely 
that other factors such as defects influence the material’s elastic modulus. Further 
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development of experimental and numerical approaches should clarify the underlying 
mechanism of the elastic modulus size dependency of nanomaterials.  
2.5.2 Brittle to ductile transition at room temperature 
Under a certain fixed temperatures, single crystalline materials can be classified as 
either brittle or ductile based on their deformation properties. For brittle materials to behave 
like ductile materials, heat treatment is required (e.g. glass). However, when the dimensions 
of a material are reduced to nanoscale, a transition from brittle to ductile behaviour can be 
observed in certain materials even under room temperature. Generally, this is a property of 
some polycrystalline materials [204], and metals and alloys [205], whereas for ceramic 
materials, it is rare at room temperature. It is shown that the aspect ratio plays an important 
role in the plastic behaviour of the brittle metallic glass [206]. Above a critical width-to-
length ratio, the NW fractures drastically with a shear slip while a plastic strain is observed 
when the NW’s width-to-length ratio is lower. After stretching the atomic bonds (elastic 
deformation), internal structural changes occur to accommodate the plastic deformation. 
Using an in situ TEM bending technique, Han et al. [50] show that ceramic SiC NWs possess 
high strain plasticity at room temperature under bending deformation. The plasticity of the 
SiC NW is initiated with increased dislocation density, followed by lattice distortion and 
eventually it forms an amorphous structure at the most strained area.  
To investigate the brittle-to-ductile transition behaviour, it is important to characterise 
the mechanisms governing dislocation nucleation and crack formation. Due to the high 
resolution required in this process, great challenges exist in the experimental approaches. In 
comparison, numerical methods can also provide insights into the deformation mechanism in 
the brittle-to-ductile transition [207]. Using molecular dynamics (MD), different surface 
conditions can be created to investigate sample deformation. It is shown that a fresh-cut NW 
delivers a high yield strain which is attributed to the high surface symmetry where features 
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showing stress concentration are rare. In the context of nanoscale brittle-to-ductile transition, 
both experimental and numerical approaches point to the importance of the defect interaction. 
It is worth noting that more work needs to be done in terms of clarifying the type of defects 
and their forming positions that derive the atypical NW brittle-to-ductile transition. 
2.5.3 Anelasticity 
Anelasticity of 1D nanostructures is being exploited in a few materials and drawing 
increasing attention among materials scientists. The term anelasticity refers to materials 
recovery from seemingly irreversible plastic deformation in a prolonged timescale. For 
macroscopic single crystalline materials, the timescale for their elastic recovery is usually 
very fast. In comparison, nanomaterials possessing anelastic behaviour exhibit a gradual 
recovery after the removal of the external loading at room temperature, which shows 
promising applications in mechanical damping [208]. Such material behaviour is most easily 
seen in NW bending tests (see Figure 2-10a) and is reported for single crystalline materials 
like GaAs [9], p-doped Si, ZnO [51], CuO [209], and carbon nanotubes [210]. Buckling tests 
on vertically grown GaAs NWs clearly show anelastic recovery after unloading and the 
amorphous layer around the NW is anticipated to be the underlying reason [9]. Experimental 
investigation by Zhu et al. shows that for bent NW, a strain gradient is produced which 
accelerates diffusion of point defects as shown in Figure 2-10b [211]. The stress gradient 
created from the bending deformation is inversely proportional to the NW radius. This study 
highlights the potential damping properties of numerous 1D nanostructures with a single 
crystalline structure. Nevertheless, in the area of NW anelasticity, questions can be raised 
such as if the phenomenon is size dependent? If the defect migration at the cross section is 
hindered, would it terminate the anelasticity? Overall, anelasticity provides a novel shape 
recovery for nanoscale materials that promises applications where gradual energy dissipation 
is demanded.  
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Figure 2-10: (a) A sequence of SEM images presenting the recovery process for a ZnO NW 
after removing the load. (b) A schematic depiction of the defect migration in a bent inorganic 
material which shows anelastic recovery. Adapted from references [51, 211]. 
2.5.4 Cold welding and self-healing 
Welding techniques have been playing an important role in human society for many 
centuries. Unlike a general welding technique where the material is presented in a molten 
state, cold welding refers to a welding process where solid state materials join together 
without fusion at the interface. To achieve cold welding in bulk materials, a high compression 
or frictional load is required between the interfaces. Alternatively, it needs extremely clean, 
flat surfaces in an ultra-high-vacuum environment. Due to the above requirements, cold 
welding of bulk materials is considered extremely difficult. In comparison, it was discovered 
that cold welding can be achieved between nanoscale specimens at remarkably low loads 
under ambient laboratory conditions [212]. Compared to other nanostructure joining 
techniques, cold welding offers the possibility to directly join materials without altering their 
pristine structure. Lu et al. demonstrated that by compressing ultrathin (3 to 10 nm in width) 
gold rods, the formation of an intact joint can be achieved within seconds. The whole joining 
process is depicted in the sequential TEM images shown in Figure 2-11a-f. The joint area 
shows well aligned crystallographic structure [49].  
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The mechanism of the macroscale cold welding is attributed to atomic relaxation and 
surface relaxation [212] which also plays a part in the nanoscale cold welding. Diffusion 
barrier energy for a single surface atom is so low (less than 1 eV) that it can be activated even 
at room temperature [213]. But energy-wise, it is hard to create such isolated atoms and the 
mechanical impact is necessary to provide the extra driving force for the cold welding. It is 
also believed that the growth orientation between two NWs is important for cold welding at a 
nanoscale. Matching the crystalline orientation is the key factor to joining the fractured parts 
of one original NW. The cold welding technique as demonstrated can be applied in the 
fabrication of modern organic micro/electronic devices. Although being an efficient materials 
joining technique, cold welding is currently still limited to samples of extremely small sizes 
and the same crystalline structure. It will be interesting to see if cold welding can be applied 
to different crystalline structures and be extended to larger sample sizes.  
 
Figure 2-11: (a-f) Sequential TEM images showing the head-to-head welding of two gold 
nanorods. Scale bar 5 nm. Adapted from reference [49]. 
Another interesting reported phenomenon is the so-called NW self-healing. This 
process shows the recovery of NW materials after fracturing without impacts from 
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mechanical loading. Self-healing is observed on GaAs NWs with an amorphous layer of 2 nm 
[214] and the self-healing time is correlated to the fracture size while generally less than 1 
minute. A concept of surface attraction is introduced here as an important factor of the self-
healing process [215]. The automatic approaching of the fractured NWs is attributed to 
electrostatic attraction and the release of the elastic strain energy from the unbroken 
amorphous layer. Overall, several factors are linked to the self-healing process which include 
sample dimension, surface attraction, atomic diffusion and crystallographic orientation 
alignment. Unavoidably, observation of the nanoscale self-healing process requires electron 
microscopy and it is worth noting that the impact of the electron beam is not completely ruled 
out. The NW self-healing phenomenon is promising to extend the lifetime and enhance the 
reliability of NW based devices. 
2.6 Summary of Research Gaps 
Overall, the developing NW synthetic techniques allow the production of varieties of NW 
structures which deliver wide applications. From a materials science point of view, these 
nanoscale fibril materials also exhibit peculiar properties which are not observed in their bulk 
counterparts. For practical applications, it is acknowledged that an understanding of the 
mechanical properties of NW materials is of utmost priority. If the synthesised NWs cannot 
stand a minimum amount of loading stress, great challenges will be faced when building 
them into nanodevices. As a novel inorganic ceramic material, the applications of STNWs are 
continuously proliferating and the structure of the STNWs makes them attractive candidates 
for developing intriguing new applications. A STNW can be synthesised into different 
morphologies like a NW, nanotube, nanobelt, nanoflower etc. for various applications where 
certain materials shape is preferred. It is noteworthy that some of its applications are entering 
the early stage of industrialisation. The key points and the identified research gaps are 
summarised below: 
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• There are currently no references or guidance on the mechanical properties of single 
STNWs and mechanical studies of sodium titanate bulk materials are also lacking. 
• Ceramic NWs like sodium titanates present a layered structure within the material and 
the role of this layered structure in the mechanical properties of the materials is not 
clear. Furthermore, influential factors like defects and NW size for such complexly 
structured NWs are yet to be studied.  
• Chemically, it is demonstrated that STNWs can derive multiple structures under 
different environments. It is noteworthy that impacts from changes in the physical 
environment conditions, such as electron beam irradiation, are uncertain for titanate 
NWs and very few applications are being purposed based on the above research areas. 
It is believed that by filling the above mentioned research gaps, new knowledge will be 
delivered in the field of materials science and engineering. These fresh insights into 
nanoscale layered structures will provide guidance to not only engineering applications of 
the specific materials, but also deliver insights for the design and development of next-
generation nanomaterials with superior functionality and performance. 
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Chapter 3 : An Experimental and Theoretical 
Investigation on the Bending Behaviour of Sodium 
Titanate Nanowires 
3.1 Introductory Remarks 
Despite the fact that sodium titanate has been successfully synthesised into NWs, 
understanding of the mechanical properties of this layered ceramic NW is in its infancy. It is 
of great significance to investigate the mechanical properties of STNW due to its special 
layered structure and its rapidly increasing number of applications. In this chapter, the overall 
mechanical properties of the materials are experimentally determined by performing three-
point bending tests on individual NWs using an atomic force microscope followed by a 
comprehensive theoretical analysis. STNWs with diameters ranging from 20–700 nm are first 
synthesised by a hydrothermal approach and selected STNWs are tested. The bending 
properties of individual STNWs are examined experimentally through an AFM and a SEM. 
By conducting clamped-wire measurement configuration, nonlinear increases of force-
displacement (F-d) curves are observed and it shows that STNW has a typical brittle material 
property. Different theoretical models are applied to fit and analyse the F-d curves and it was 
found that the Euler–Bernoulli beam theory augmented by the axial extension and surface 
effects can serve extremely well in describing the experimentally measured bending 
behaviour of the STNW. The obtained Young’s modulus of the STNW was found to be 
independent to the NW length and the average bending Young’s modulus of the STNW was 
measured to be 32.5 GPa. The yield strength of the STNW was around 2.7 GPa which was 
calculated from the maximum force applied to the sample. A bending test is performed on the 
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STNW reveals its ability to fully recover in a stretched timescale, thus also revealing an 
anelastic property. 
3.2 Sample Preparation and Experiment Setup 
3.2.1 Synthesis of sodium titanate nanowires 
In the synthesis procedure, NaOH pellets and HNO3 (AR grade) purchased from 
Sigma Aldrich, and TiOSO4·xH2O (98%) from Fluka were used. The STNWs in this study 
were prepared via a hydrothermal reaction between a concentrated NaOH solution and an 
inorganic titanium salt. Specifically, 10.7 g of TiOSO4·H2O was dissolved in 80 mL of water 
and stirred until the solution became clear. The resultant TiOSO4 solution was mixed with a 
100 mL of a 15 M NaOH solution under stirring. The white suspension was then equally 
divided into three 125 ml Teflon-lined stainless steel autoclaves (see Figure 3-1a, b) and 
kept at 200°C for 48 hours to yield titanate precipitates. The white precipitate in the 
autoclaved mixture was recovered by centrifugation and washed with deionised water four 
times. Finally, the collected white powder was dried at 353 K for 24 hours. 
 
Figure 3-1: Plan diagram (a) and real module (b) depicting a typical Teflon vessel and out-
layer bomb. 
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3.2.2 Structural characterisations 
The samples were characterised by powder X-ray diffraction (XRD) and TEM. XRD 
patterns of the sample powder were recorded on a Philips PANalytical X’pert pro diffract 
meter equipped with a graphite monochromator. Cu Kα radiation and a fixed power source 
(40 kV and 40 mA) were used. The XRD data were collected over a 2θ range between 3.5˚ 
and 75˚, at a scanning rate of 2.5˚ min-1. The TEM study on the samples and the HRTEM 
investigations were carried out on a FEI Tecnai F20 operating at 200 kV. For the TEM 
sample preparation, the specimens were dispersed in ethanol by sonification and deposited 
onto a copper microgrid coated with porous carbon film. The SEM imaging was carried out 
on a Zeiss scanning electron microscope.  
3.2.3 Sample preparation and measurement for three-point bending tests  
Three-point bending specimens are prepared by bridging the STNW over a trench 
using SEM built with a focused ion beam (FIB) and nanomanipulator. Using a manipulator 
arm, dispersed NWs can be picked up from a substrate (Figure 3-2a) by welding the 
specimen to the manipulator (Figure 3-2b). Prior to bridging the selected NW, holes of a 500 
nm depth and a trench with a length ranging from 4.5–12.5 µm are drilled on the ITO (indium 
tin oxide) glass substrate. Then, the selected NW is picked up by welding one of its ends to 
the nanomanipulator tip and it is placed across the trench. To mount both ends of the 
suspended STNW, the electron beam induced deposition (EBID) is used to deposit a layer of 
platinum to cover the STNW and the substrate around it (Figure 3-2c) [191, 216]. 
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Figure 3-2: (a) A SEM image of STNWs dispersed over an ITO glass surface; (b) A SEM 
image of a single STNW being picked up by a nanomanipulator; (c) the completed bending 
test sample where both ends of the bridged STNW are fixed by Pt deposition; (d) the AFM 
contact mode topography image of a bridged STNW sample; its middle point can be 
accurately determined to apply a force loading.  
Measurements of the mechanical properties of the STNW were conducted by a 
Nanosurf FlexAFM. The sensitivity of the AFM was calibrated by measuring a force curve 
on a hard ITO substrate. The selected STNW was located via a 40× optical lens on the ITO 
surface and an AFM tip with a radius of 15 nm and a height of 10–15 µm was applied to 
obtain the topography profile of the fixed individual NW (Figure 3-2d). The cantilever used 
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in the test was an ACLA probe (purchased from Applied NanoStructure, Inc. Figure 3-3) 
made from silicon with aluminium coating on the reflex side. The spring constants of the 
probes range between 36 to 58 N/m. After obtaining the sample topography, the AFM tip was 
then moved precisely to the mid-point of the NW. The sample was brought into contact with 
the tip by a piezoelectric actuator, resulting in the deflection of the cantilever and bending of 
the NW.  
 
Figure 3-3: SEM image of the ACL-A cantilever from (a) top view and (b) side view; the 
blue inset shows the cantilever tip which has a tip radius of 10 nm. 
3.2.4 AFM data treatment 
The force-displacement (F-d) curves show the deflection of the AFM cantilever at the 
free end as it presses downward on the sample (increasing force) and then away from the 
sample surface (decreasing force). The movement of the Z axis scanner is generated by the 
internal strain gauge of the AFM, while the force is measured via the output of the position-
sensitive detector (PSD). Calibration of the spring constant and deflection sensitivity of the 
cantilever is practiced to convert the voltage signal to force. For the calibration, the well-
known Sader’s method is used to determine the spring constant of each cantilever used in the 
test [217]. To obtain the displacement of the NW in length, deflection sensitivity is first 
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calibrated via indenting the AFM tip on a hard ITO surface where the dash curve (Figure 3-4) 
is obtained.  
 
Figure 3-4: Diagram of a linear part of the force-deflection (F-d) curve. The dashed line 
represents the curve obtained from the tip contact on the rigid ITO substrate, and the solid 
line represents that obtained from the tip contact on the NW. 
The solid line was obtained from contacting the tip with the bridged STNW. The 
deflection of the NW bridge at a certain force f is given by ΔZ =Z'( f) - Z( f), where a point 
force of load f is applied at the middle point. Both the cantilever and the NW can be regarded 
as tiny springs and both the tip and the NW can move during the bending process. Since a 
deflection occurred on the NW, the Z scanner must move further on applying the same force. 
As a result, the F-d curve slope is smaller than that on the hard surface. Therefore, the 
deflection (ΔZ) of the NW at a certain force could be derived as below: 
                                                                               
 
tan - tanZ = Z'(f) - Z(f)= f
tan tan
α β∆
α β
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3.3 Results and Discussion 
3.3.1 Structural analysis 
Hydrothermally synthesised STNWs exhibit a layered structure and structural analysis 
of the STNW by XRD and TEM reveals that the NW is a uniformly grown single crystalline 
material (Figure 3-5). A good alignment is found between the synthesised NW and that of 
sodium titanate from the powder diffraction file (PDF No.00-59-0666) from the International 
Centre for Diffraction Data. The crystal system of STNW belongs to monoclinic system with 
the space group of P21/m (number 11). The lattice parameters of STNW are as follows: 
a=9.3987 Å, b=3.7566 Å, c=11.0272 Å and Beta=101.6°. According to the XRD spectrum in 
Figure 3-5a, a large planar spacing of 9.21Å can be found at 9.599° which is indicative of a 
(100) plane. Being parallel to the (100) plane, plane (300) also shows a strong diffraction 
peak at 29.5°. Another sharp peak which belongs to plane (011) of d-spacing=3.54 Å can be 
located at 25.1°. Based on the crystallographic parameters of the identified STNW, its unit 
cell structure can be constructed (Figure 3-5b). According to a refinement of sodium titanate 
crystalline structure, it presents monoclinic system and a more comprehensive structural 
analysis on sodium titanate bulk material can be found [28, 218]. In these NWs, three 
independent Ti atoms each have six anions in the nearest environment and the formed 
polyhedron structure around the Ti atoms can be viewed as a strongly distorted octahedral 
structure. Three crystallographically independent edge-sharing octahedra are the basic 
building blocks for this structure. Furthermore, these blocks form ribbon-like structure and 
the extension of the ribbon in the structure can be considered as a section of closely packed 
layers. Within these negatively charged layers, exchangeable sodium cations can be found. 
The free oxygen vertices of the octahedra located at the edges of the ribbons are shared by the 
adjacent ribbons, exhibiting a zigzag structure [28, 218–220]. 
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Figure 3-5: (a) The XRD spectrum of the STNW. (b) The crystal structure of sodium titanate 
whose unit cell is framed by the solid black lines.  
The different dimensions of the synthesised STNW can be seen in a typical low-
magnification TEM image (Figure 3-6a). The width of the NW ranges from 20–700 nm and 
the longest NW observed is around 40 µm. According to the SEM imaging and the AFM 
topography measurement, the cross-sections of these NWs have a rectangular shape with a 
height-to-width ratio of between 73–86%. STNWs with various dimensions can be seen in 
the TEM image and a typical cross section area is shown in the SEM image as an inset. It 
should be noted that the force loading is applied on the longer dimension (width) of the cross 
section as shown by the direction of the arrow. The mechanical properties of STNW are 
probed by selectively picking up thin NWs for three-point bending tests. A HRTEM image of 
a well crystallised STNW is shown in Figure 3-6b and the corresponding electron diffraction 
pattern (Figure 3-6c) indicates that the sample shows a well-crystallised morphology, which 
is in good agreement with the XRD diffraction pattern. The electron diffraction pattern can be 
attributed to monoclinic sodium titanate structure [28].  
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Figure 3-6: (a) Low magnification TEM image of STNWs showing various wire dimensions; 
the inset is a SEM image showing the typical cross section of a NW. (b) A HRTEM image of 
an NW with the corresponding electron diffraction patterns as shown in (c). 
3.3.2 Bending deformation behaviours 
Loading-unloading circles were performed to examine the bending properties of a 
single STNW. As shown in Figure 3-7a, the force vs displacement (F-d) curves are generally 
symmetric during loading and unloading processes for all three loading-unloading loops. 
Such symmetric characteristics indicate the full recovery from the deformation, signifying an 
elastic deformation process. Specifically, it shows that the F-d curve exhibits a linear 
behaviour when the displacement is relatively small (curve I) but when the displacement 
exceeds a certain value (around one third of NW height), a nonlinear deformation is observed 
(curve II), and the nonlinearity further increases dramatically as the force increases (curve III). 
According to the SEM images in Figure 3-7b, the STNW shows no residual deformation or 
indent mark after unloading, which indicates that the STNW exhibits excellent elasticity and 
nonlinear elastic deformation behaviour. Similar bending behaviour is also observed for 
STNWs with different dimensions (Figure 3-7c, d). 
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Figure 3-7: (a) The force vs manipulation path curves from three loading-unloading circles. 
The STNW has a width × height of ~298×256 nm2 and a length of 7.5 μm. (b) SEM images 
showing the NW before and after loading under elastic deformation. (c, d) F-d curve showing 
the bending behaviour of STNWs of different NW size under different force level during 
loading-unloading processes where L and D refer to NW length and width respectively.  
As illustrated in the AFM based F-d curve analysis reported by Cappella et al. [221], 
adhesive forces between the AFM tip and the testing samples are also observed during 
loading and unloading processes. Figure 3-8a shows the AFM detection of adhesive 
phenomenon where an attractive force of ~30 nN is detected during loading and a force of 
~50 nN is detected during the unloading process. This attractive force originates from two 
sources, namely electrostatic force and van der Waals force between the AFM tip and NW 
surface [222]. Interestingly, we found that the attractive force during unloading is generally 
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15–50% stronger than that during loading. This is understandable as the contact surface is 
larger, i.e. more surface atom interactions involved during unloading and, therefore, they 
generate a stronger interaction between the AFM tip and the NW surface (Figure 3-8c). 
When the AFM tip approaches and starts contacting the sample surface, the force on the tip 
becomes repulsive and increases linearly at first for about 100 nm of sample deflection. As 
the sample displacement increases, the measured force increases continually and nonlinearly, 
and eventually suddenly drops from ~8 μN to ~2 μN at a displacement of 341 nm (Figure 3-
8b). The overall profile of the F-d curve is quite similar as observed from the in situ bending 
of Si NW [216]. Considering the symmetric F-d curves during loading-unloading circles and 
the sudden force drop, it is concluded that STNW behaves like a typical brittle material. After 
failure, the STNW is fractured at the centre of the bridged beam where the force is loaded as 
shown in the SEM image of Figure 3-8b inset. Extensive bending test are carried out and the 
same results show that the STNW exhibits nonlinear elastic deformation and brittle behaviour.  
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Figure 3-8: (a) The attractive force between the AFM tip and the sample surface during 
loading and unloading processes. (b) An F-d curve shows the overall bending behaviour of 
the STNW from experimental data; the inset SEM image shows the break point of the 
indentation. (c). A schematic illustration of the difference in the attractive force between 
loading and unloading situations on a bridged STNW indented by an AFM tip 
3.3.3 Theoretical analysis of the nanowire bending 
The nonlinear elastic behaviour can be described by the Euler–Bernoulli beam theory 
model modified with the axial extension, the impact of which is normally not noticeable on 
the bending deformation at a macro-scale but it is profound for NWs. The governing equation 
is given as below: 
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 ,                                                                      (3.1) 
Here, E is Young’s modulus, and w is the beam deflection. The moment of inertia I=  
for a rectangular cross-section (b and h are the width and height of the cross-section, 
respectively), and T is the axial extension. The following notations are applied as ,
, , and . L and A are the length and cross-
sectional area of the NW respectively. Solving Eq. (3.1) with the doubly clamped boundary 
condition gives a nonlinear F-d relation as [216] (EBT-A): 
,                                                     (3.2) 
Here, k is solved from a complex transcendental equation, with the asymptotic solution given 
as: , . By employing the whole elastic deformation 
region to fit with Eq. (3.2), a good agreement is found despite a certain discrepancy for the 
displacement below h (blue solid curve in Figure 3-9). The accuracy of the theoretical model 
can be assessed by first using the data at small displacement to fit, and then examining the 
coherence between the experimental data and the extension of the fitting to include an 
increasingly larger displacement. We thus used the data with the displacement less than half 
of the NW height to fit with Eq. (3.2). It is found that the further extension of the fitting 
overestimated the force, and the deviation increases with increasing displacement as shown in 
the blue dash curve in Figure 3-9 (pointed out as EBT-A), indicating the inaccuracy of the 
theoretical model.  
Several aspects of sources are assumed to be responsible for such a discrepancy, such 
as simplification while deriving the approximation solution from the governing equation, the 
inevitable measurement errors for the geometrical parameters of the NW, the force and the 
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displacement. The most important base is ignoring the so-called surface effect, which has 
been reported to be responsible for the phase transformation phenomenon, pseudoelastic 
behaviour [223], and shape memory effect for NWs. According to Zhan and Gu [224], a more 
comprehensive relationship between the force and displacement can be derived by including 
the influences from the surface elasticity , surface residual stress , intrinsic residual 
stress, and the axial extension, denoted as (EBT-SA):  
                                                            (3.3) 
Here, the effective bending rigidity , and the effective 
extensional rigidity . The residual surface stress effect , 
and μ is a constant related to the intrinsic residual stress. Considering all mechanical 
properties as variables including E, ,  and μ, we adopted the above fitting procedure, i.e. 
using the F-d data with d<0.5 h to fit with Eq. (3.3). Strikingly, we found the extension of the 
fitting for displacement larger than 0.5 h exhibits much smaller discrepancy and agrees well 
with our experimental measurements as indicated by EBT-SA in Figure 3-9. Such results not 
only signify the improved accuracy of the theoretical model but also indicate the critical 
impact from the surface effect on the bending behaviour of the STNWs.  
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Figure 3-9: F-d curve shows the overall bending behaviour of the STNW from experimental 
data (black curve); blue solid line is the fitting curve of EBT-A using the whole elastic region 
data. Blue dash curve is the extension of the fitting curve of EBT-A using data at small 
displacement. The pink solid curve is the extension of the fitting curve of EBT-SA using data 
at small displacement considering the materials surface effect. Red curve is the fitting line to 
the linear F-d region using Euler–Bernoulli beam theory. 
The modified beam model in Eq. (3.3) provides a good prediction for the whole 
nonlinear elastic bending deformation of the STNW, while it deals with several uncertain 
material properties. According to the beam theory, the mechanical properties of the NW can 
be determined by simply considering the linear region (i.e. small displacement), as indicated 
by the red line in Figure 3-9. In this region, the influence from the axial extension is 
negligible. A typical linear relation between F and d for a doubly clamped beam is given by 
the classic Euler–Bernoulli beam model as: 
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                                                                                                                       (3.4) 
Therefore, by fitting Eq. (3.4) with the F-d curve with d<0.5h, the overall Young’s modulus 
can be estimated for the STNW. Notice that the constant term in Eq. (3.4), like , 
can be modified to incorporate the impacts from the surface stress effect as 
, with  representing a non-dimensional 
surface effect factor. Apparently, employing the modified Eq. (3.4) to fit with the 
experimental data allows us to access the surface elasticity  and surface residual stress  
of the NW. However, considering the fact that different crystal surfaces will exhibit different 
and various mechanical properties and that it is hard to control the tested samples under the 
same exposed crystal surfaces, our discussion on the mechanical properties of the STNW will 
be mostly focused on the overall Young’s modulus extracted by using Eq. (3.4). 
3.3.4 Elastic modulus 
The Young’s moduli of STNWs with different beam lengths are shown in Figure 3-
10. The diversity in these values could be slightly attributed to the defects of single NWs. To 
accurately determine the Young’s modulus, NWs with close diameter range are repeated 5 to 
10 times. However, it is generally expected that this variation may be derived from the 
surface modification of STNWs, as the surface effect becomes crucial due to the change in 
the surface-to-volume ratio. Relatively thinner NWs have a relatively larger number of 
atomic bonds on their surface and these bonds are reported to be shorter and stiffer than those 
on a large wire or the bulk material [225]. It is noteworthy that flexural deformation is where 
the sample surface carries the largest stresses and strains because of the longer distance to the 
neutral axis [89]. No obvious trend is observed with the Young’s modulus against changes in 
the beam length. The diversity in Young’s modulus can also be explained from the fact that 
the STNW is a monoclinic crystal. According to the generalised Hooke’s law, the monoclinic 
3
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crystal has 13 independent elastic constants, i.e. the material has anisotropic mechanical 
properties which means the Young’s modulus values will be diverse when the tested STNWs 
have varying crystal directions along the lateral directions. It can be seen from Figure 3-10 
that the Young’s modulus values for STNWs with a width of around 400 nm are essentially 
independent of the beam length. The average value is calculated to be 32.5 GPa. It should be 
noted that no Young’s modulus value for bulk sodium titanate could be found in the literature 
for comparison. 
 
Figure 3-10: Experimental results of effective Young’s modulus of STNWs with different 
beam lengths.  
It is also of great interest to discuss the yielding strength of the STNW during bending. 
According to classic mechanics, the top and bottom surfaces of the NW suffer the biggest 
stress. For a doubly clamped beam with a central loading, the maximum stress can be 
calculated according to the equation below [226]: 
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                                                                                                                              (3.5) 
By using the maximum force in F-d curve before the onset of fracture, the yielding strength 
of various STNWs (with a width-to-length ratio of around 20) are shown in Table 3-1 and 
calculated as having an average yield strength of 2.7 GPa. Here, our measurements provide 
first-hand information on the mechanical strength of STNWs.  
Table 3-1: Summarised information on the parameters of the tested STNWs and their yield 
strength 
Entry Width (nm) Height (nm) Length (nm) Fmax (nN) σmax (GPa) 
1 274 256 4680 16606 3.24 
2 311 227 5030 14730 3.46 
3 442 322 8250 15384 2.07 
4 472 344 9520 15703 2.00 
5 488 356 10160 22242 2.74 
 
3.3.5 Bending anelasticity of sodium titanate nanowires 
For macroscopic single crystalline materials, the measurable timescale of the recovery 
is very short at room temperature so it is usually ignored. At the nanoscale, anelastic 
behaviour over a long time-lapse (hundreds of minutes) can be observed in regard to the 
bending recovery of single crystalline NWs like Si, ZnO [14], GaAs [14-15], CuO [10] and 
carbon nanotubes [13]. Materials baring anelastic behaviour exhibit a time-dependent 
recovery after the removal of the external loading and such properties can be utilised in 
mechanical damping applications [208]. The mechanical bending behaviour of layered 
STNWs is investigated by in situ SEM as shown in Figure 3-11. The STNWs exhibit 
significant bending capability (maximum bending strain εmax>70%) which is extraordinary 
given their previously reported brittle property. Further observation reveals that STNWs can 
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recover from a bent position to their original position undergoing immediate elastic recovery 
and a time-dependent anelastic recovery. A NW with a diameter of 234 nm is bent by 70°, 
corresponding to a bending strain of around 2.3%. Once the load is suddenly removed after 
bending and holding the bent status for 10 minutes, a significant elastic recovery is firstly 
observed. It is observed to follows a noticeable anelastic recovery as the plastically deformed 
NW gradually recovers and completely restored to its original position in a 30 minute time 
frame. We conducted bending anelasticity tests on multiple NWs and observations of 
inconsistent recovery rates are shown for samples of differing size in Figure 3-11. Density 
variations of the pre-existing defects may also have contributed to the anelastic recovery rate 
of the STNWs. It is recently reported that one cause of bending anelasticity in single 
crystalline materials like ZnO and Si can be attributed to stress-gradient-induced migration of 
point defects at the deformed cross section. This anelasticity is observed on relatively simple 
crystalline structures and occurs under bending while improbable under tensile conditions 
[51]. Here, STNWs with a superlattice structure are shown to be equally capable of 
demonstrating tensile as well as bending anelastic behaviour. The difference between their 
recovery times can be attributed to the fundamental difference in their recovery mechanisms 
and factors such as deformation time and scale. 
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Figure 3-11: Bending anelasticity of STNWs. In situ SEM bending tests showing a sequence 
of anelastic recovery of the STNW after being bent by 70° and held for 10 minutes. Overlaid 
SEM image comparisons are made between the original NW position and accurately aligned 
images of the NW at its bent state as well as recovery states at different times. The NW 
original position is coloured a pale red and marked by the red star. The bent and recovery 
states of the NW are indicated by the white arrows. 
Bending anelasticity of single crystalline NWs is mainly attributed to the defect 
migration from a bending induced high stress gradient across the NW width [51]. The above 
theory explains the bending anelastic mechanism of homogeneous NWs. For STNWs, the 
orientation of TiO6 octahedron layers allows migration of defects along the NW width cross 
section which is the possible reason for the large bending anelasticity observed. Compared to 
homogeneous single crystalline NWs, the anelastic recovery time for STNWs is faster by 
hours [51]. The difference in the anelastic recovery time is likely caused by the difference in 
the atomic bonding type, whereby the ionic bonding within the STNW may facilitate the 
migration of the defects. The related investigation into this phenomenon could be supported 
by numerical approaches given the interatomic potentials derived for the STNW. In addition, 
it was observed that the NW recovery times also slightly differ between individual NWs as 
depicted in Figure 3-12. Despite their dimensional variations, the fluctuating recovery time 
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may be a result of defect density differences between individual samples and the influence of 
NW dimensions needs to be clarified by obtaining and testing NWs with no growth defects. 
 
Figure 3-12: In situ SEM bending tests showing a sequence of time dependent recovery 
positions of the STNW (equivalent diameter of 405 nm) after being bent by 60° and held for 
10 minutes. Overlaid image comparisons are made between the original NW position and 
accurately aligned NW images at recovery positions at different times. The NW original 
position is shaded a pale red and indicated by the red star. 
3.4 Summary 
A design of a bending test using AFM on an inverted optical microscope and FIB was 
successfully conducted on the three-point bending and Young’s modulus measurement of 
STNWs. The cross section of the STNW is observed to be rectangular in shape. We provided 
the first study on the mechanical bending properties of STNWs through three-point bending 
experiments. It was found that the STNW exhibits a brittle behaviour, and nonlinear elastic 
deformation is observed when the bending displacement is larger than half of the NW’s 
height. With increasing displacement, the nonlinearity increases. Theoretical analysis reveals 
that the nonlinear elastic bending behaviour of the STNW can be well described by the 
modified Euler–Bernoulli beam model taking into consideration the influence of the axial 
extension, and the surface and intrinsic stress effect. The Young’s modulus for the STNW is 
found to vary from 21.4 GPa to 45.5 GPa, with an average value of 32.5 GPa, and yielding 
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strength of the STNW is calculated at 2.7 GPa.  An in situ bending test on a cantilevered 
STNW revealed a large bending anelasticity of the materials which can be related to other 
single crystalline NWs. This bending anelastic property can be attributed to the stress-
gradient at the cross section after bending deformation. The excellent mechanical properties 
and anelasticity presented by STNWs suggest that they can be exceptionally useful building 
blocks and nanoscale damping devices. 
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Chapter 4 : Reversible Defect Motion in Brittle Sodium 
Titanate Nanowires under Tensile Loading 
4.1 Introductory Remarks 
From the bending test based on the AFM, an overall brittle behaviour of the STNW was 
confirmed. Nevertheless, observation limitations were posed on the internal structural 
deformation which requires in situ electron microscopic techniques. Theoretical analysis 
showed that the surface effect needs to be considered when the sample size reaches a 
nanoscale whereas the experimental results also demonstrated a fluctuation in the elastic 
modulus between samples of similar sizes. Therefore, sample size is not considered to be the 
sole cause of the variation between the measured elastic modulus. STNWs were shown to 
possess a brittle material characteristic like silicon [227] and meanwhile, silicon NWs were 
also reported to show large-strain plasticity (LSP) under uniaxial deformation at room 
temperature [228]. The LSP process initiates with dislocation emergence followed by lattice 
distortion and amorphisation, however, the defect related tensile deformation properties of 
STNW remain unclear. This chapter covers the comprehensive experiments conducted on the 
tensile behaviour of STNWs under TEM observation; the detailed experimental setup for this 
can be found in Section 4.2, using a technique that has been proven to be useful in obtaining 
information on both mechanical properties and inherent deformation pathways of 
nanomaterials. To exploit the tensile property of a more complex layered ceramic STNW, a 
push-to-pull (PTP) device inside a TEM was applied to the investigation which enabled 
simultaneous measurements of the stress-strain curve and an observation of the material 
under deformation. A structural analysis of the crystalline material, lattice orientation and 
material growth defects is presented in Section 4.3.1. In situ TEM tests obtained the tensile 
properties of STNWs which show a clear brittle characteristic regardless of NW dimensions 
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and initial defects. It was observed that the measured mechanical properties (elastic modulus 
and fracture strain) have a strong correlation with the initial defects in the NW, and the 
existence of initial defects is found to significantly enhance the extensibility of the NWs. 
Interestingly, a distinct defect motion, normally related to material ductility, was clearly 
observed in the brittle STNW. After brittle fracture, instant elastic recovery is followed by 
reversible motion of the defects and NW tensile anelasticity. In situ cyclic loading-unloading 
tests showed that these mobile defects shift and fade along the NW during loading while they 
are found to restore their initial positions during unloading. The above experimental results 
can be found in Section 4.3.2 and 4.3.3, respectively. Considering the layered nature of the 
titanate nanostructure, such abnormal reversible defect motion is likely a result of loading 
induced TiO6 layer gliding. Although the underlying mechanisms are unclear, studies from 
this chapter have confirmed that the brittle STNWs can undergo a reversible defect motion 
under tensile deformation, which is not seen in other similar brittle materials.  
4.2 Experiment Setups and Numerical Implementations 
4.2.1 Structural characterisation setups 
The preparation procedure of the STNWs can be found in Section 3.3.1 or from a 
reported work [227]. After collecting the NWs, various structural characterisations are 
conducted. The TEM characterisation and the HRTEM investigations were carried out on a 
FEI Tecnai F20 operating at 200 kV. For TEM sample preparation, the specimens were 
dispersed in ethanol by sonification and deposited onto a copper microgrid coated with holey 
carbon film. The SEM imaging was carried on Zeiss scanning electron microscopy. A Raman 
spectrum was taken at room temperature using a Renishaw inVia Raman Microscope at a 785 
nm wavelength.  
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4.2.2 In situ tensile test setups  
Tensile test specimens were prepared in a FEI Helios NanoLab 600i dual-beam 
Focused ion beam (FIB) system. The STNWs were dispersed onto a carbon micro-grid from 
which they were picked up by a nanomanipulator (Kleindiek GmbH) and secured on the PTP 
device [85] via an electron beam induced Pt deposition (Figure 4-1a). Both ends of the NW 
were welded via the focused electron-beam induced Pt deposition (EBID) to firmly fix the 
NW across the trench. In situ tensile tests were carried out under both load and displacement-
control mode using a Hysitron PI95 PicoIndenter [229] with a 1×2 μm flat diamond punch in 
a JEOL2100F TEM operated at 200 kV. As the indenter tip generates a compression force at 
the semicircular end of the PTP device (Figure 4-1b), the loading is converted to a tensile 
effect at the centre of the PTP (Figure 4-1c) where the NW is bridged and the indentation 
rate can be set to between 2 to 10 nm s-1. Cyclic loading tests are measured via load-control 
mode. Real-time imaging can be recorded simultaneously to applying uniaxial tension to the 
NWs (Figure 4-1d) and the frame rate for the tensile test recording was 10 frames per second. 
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Figure 4-1: (a) Pick up of a single from the carbon mesh sample holder using a Kleindiek 
nanomanipulator, where the NW is bonded at the tip using an electron beam induced Pt 
deposition. Scale bar 1 μm. (b) Overall view of the PTP device manufactured by Hysitron, 
and the fixed NW bridged across the trench at the centre. (c) The NW sample with both its 
ends being welded by Pt deposition on the PTP. (d) A TEM image of the bridged nanowire 
on the PTP device looking inversely at the red rectangular region in (c).  
4.2.3 Examination of the indenter and sample displacement 
Apart from in situ observations, using the PTP device as a sample holder, raw force-
to-displacement (F-d) readings can be obtained on the indenter tip, where the measured 
displacement is the movement trail of the indenter. Herein, an examination is carried out to 
determine the relationship between the actual NW elongation and the readout displacement. 
The NW state prior to force loading is shown (Figure 4-2a top image), where L0 is defined as 
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the original length between the two markers. The bottom image shows the NW state 
immediately before fracture and the maximum elongation length between the two markers is 
defined as Lmax. Hence, the elongation of the marked region can be calculated by δL=Lmax-L0 
which is measured to be around 47 nm and corresponds to a strain ε of 2.5±0.2%. The sample 
status in the above two TEM images is labelled by a blue star (before elongation) and a green 
star (before fracture) as depicted in the corresponding stress-strain curve in Figure 4-2b. 
Comparison between the strains from recorded displacement data and real-time TEM images 
shows the indenter tip movement and the actual sample displacement is nearly identical. In 
other words, the moving trail of the tip can be equal to the sample displacement, provided 
that the NW is straight and the PTP device is intact. 
 
Figure 4-2: (a) TEM images extracted from the recorded movie. The top image shows the 
NW before uniaxial elongation (marked by blue star) and the bottom image presents the same 
NW immediately before brittle fracture (green star). The red arrows show the identified 
marker on the sample which equals the NW elongation of 2.5±0.2% strain. (b) The 
engineering stress-strain curve of the STNW in (a). Young’s modulus is calculated by the 
slope of the fitting line (solid black line) on the selected linear part of the curve. The star 
markers correspond to the sample status shown in (a). 
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4.2.4 Tensile data processing 
The readout force of the PTP-based tensile test includes the force applied to stretch 
the NW and the force to expand the PTP trench. To obtain the actual tensile force data on the 
NW sample, the spring constant of the PTP was measured after the NW tensile fracture. Then, 
the force applied to the NW was obtained by subtracting the PTP contributed force from the 
raw force and the stress σ can be derived. To calculate the engineering strain, the raw 
displacement data was divided by the initial NW length which was measured during the SEM 
sample preparation as the distance between the two Pt deposition points. After removing the 
mechanical response of the PTP from the recorded force, the engineering stress-strain curve 
of the NW sample was obtained. The cross section areas of STNWs were found to be 
rectangular shaped. During calculations, an equivalent diameter was used which was 
calculated from the measured NW width and height via SEM. In other words, the square root 
of the NW cross section area (NW width × height) is referred to as the equivalent diameter. 
Then the Young’s modulus was calculated from the linear part of the loading curve in a 
stress-strain curve. 
4.2.5 Thermal drift correction 
During tensile testing, there is a thermal drift from the Picoindenter which affects the 
readout accuracy and can be effectively corrected by TEM image processing using Matlab. 
To reduce experimental errors from drifting, a measurement of the NW elongation was 
extracted from the TEM videos of the tests. An automated algorithm, reliant on 
computational image processing, was developed to extract this dimension and correlate it 
with the other test data. To extract this data, each video frame was analysed in separation to 
identify the intersection of the NW and the PTP device, where the elongation equates to the 
change in displacement of this separation on both ends of the NW (see Figure 4-3a). To 
correctly identify these intersections, the images were manually scoped to select the desired 
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points of interest (insets of Figure 4-3b, c) that were then processed with a Harris corner 
detector which treats the image as a surface and returns the point of maximum gradient. This 
process was found to be more reliable when a Wiener noise removal filter and an averaging 
filter were applied to the image, effectively smoothing out the surface. The resulting process 
was able to identify these intersections with a precision error of two pixels or less, giving an 
overall precision error of four pixels. Dependent on the scale, usage of this treatment results 
in an approximate precision error of less than 10 nm. 
 
Figure 4-3: (a) Example of a NW sample where the corner detection showing identification 
of corners at both ends of the sample. Images (b) and (c) show scoped and processed (noise 
removal and smoothing) for which the Harris corner detector was applied. 
4.2.6 Density functional theory (DFT) calculations 
A DFT calculation was carried out on primitive sodium titanate unit cells based on the 
Vienna Ab initio simulation package (VASP) [230, 231]. The cell structure is fully relaxed 
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and elastic modulus was then calculated using both the local density approximation and the 
generalised gradient approximation with the Perdew–Burke–Ernzerh [232] exchange-
correlation functional. The long-range van der Waals correction to the total energy was 
incorporated using the DFT-D3 scheme [233]. An energy cut-off of 520 eV for the plane-
wave expansion and a Monkhorst-Pack k-point mesh of 4 × 12 × 4 in the first Brillouin zone 
are applied in the simulation. All the geometry structures were fully relaxed until energy and 
force were converged to 10-6 eV and 0.004 eV/Å, respectively. 
4.3 Results and Discussion 
4.3.1 Characterisations: lattice orientation, growth defects and atomic bonding  
Firstly, low magnification TEM images show that STNWs possess high length-to-
width ratios (in excess of 30) and uniform lateral dimensions (Figure 4-4a). The STNW 
production can be as high as 5 g per synthetic batch and the products nearly all have wire-like 
morphology (i.e. large aspect ratio). It can be seen from the high resolution TEM (HRTEM) 
image (Figure 4-4b) that the measured (100) plane has a d-spacing of 0.93 nm and is parallel 
to the NW longitudinal direction. The (003) plane has a measured d-spacing of 0.36 nm and 
is oriented at 77° with respect to the (100) plane and these d-spacing measurements are in 
accordance with the XRD data. These observations are confirmed from the indexed selected 
area electron diffraction (SAED) pattern shown in the Figure 4-4c which is also consistent 
with the fast Fourier transform (FFT) image (Figure 4-4b inset) derived from the HRTEM 
image. A comprehensive crystalline structural model of a STNW (see Figure 4-4d), 
independent from TEM characterisations, is built using Visualization for Electronic and 
Structural Analysis (VESTA) software. The 3D crystalline structure is based on structural 
information from the XRD analysis which can be matched with the TEM results. The (100) 
and (003) planes are marked by the red dash lines as shown in top image of Figure 4-4d. 
Along the viewing direction of [010], the angle between the above two planes is also 
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measured to be 77° which matches the HRTEM image perfectly. It can be seen from the 
molecular model that the parallel pair of TiO6 zigzag ribbons (highlighted in Figure 4-4d top 
image) orients at an angle with the (100) plane, i.e. NW longitudinal direction. Rotating the 
3D structure along the NW longitudinal direction, the crystalline orientation with respect to 
the overall longitudinal direction of the NW is shown in Figure 4-4d, bottom image.  
Lattice defects are usually visible under low magnification TEM (as dark contrast 
under bright filed imaging or bright contrast under dark field imaging) due to the electron 
scattering caused by lattice distortion. Contrast in the TEM images can also be a result of 
uneven sample thickness or compositional variations (impurities). For STNWs, TEM images 
show that the NWs have uniform thickness and do not possess compositional variations; 
therefore, the observed contrast can be attributed to various types of growth defects in the 
NWs as depicted in the TEM images in Figure 4-4e (bright field and corresponding dark 
field imaging). The spots (bright/dark) as observed on the STNW are signatures of defect 
clusters. Resemblance of such defects is observed on radiation treated Ag NWs [234]. 
Zooming in on the blue box area in Figure 4-4f, the circled area is shown to be a lattice 
dislocation (Figure 4-4g). Other material defects/dislocations can be identified as highlighted 
by the circled areas in Figure 4-4h. These defects were most likely formed during the sample 
synthesis procedure as they were detected prior to any external loading conditions. The 
HRTEM images (Figure 4-4b, f) also show that STNW surfaces do not possess amorphous 
layers regardless of NW size.  
 
 
 
      
Chapter 4: Reversible Defect Motion in Brittle Sodium Titanate Nanowires under Tensile Loading Page 73 
 
Figure 4-4: (a) A TEM image showing individual STNWs dispersed on a carbon grid film. (b) 
A HRTEM image taken at the edge of a STNW. d-spacings of the identified plane are marked 
on the graph, where d(100)=0.93 nm and d(003)=0.36 nm. The observed angle between the 
above two planes is measured to be 77°. An FFT image of the crystalline structure is shown 
in the inset. (c) An indexed electron diffraction pattern taken from the STNW sample in (b). 
(d) A model of the STNW crystalline structure constructed by VESTA using data from the 
XRD analysis. In the top figure, the black box shows the unit cell under [010] viewing 
direction. The (100) and (003) planes are shown to have a 77° measured planar angle which 
is consistent with the HRTEM image in (b). The bottom image shows the crystalline direction 
with respect to the overall longitudinal direction of the NW. (e) Dark and bright field TEM 
images showing the contrast spots which indicate the growth defects of the STNW. (f) A 
HRTEM image showing lattice distortions and the (003) planes at the edge of the STNW. (g) 
A HRTEM image of the enlarged area in the blue box of image (f), showing a sample defect 
in the red dash circle. (h) A HRTEM image depicting lattice distortions caused by defects as 
marked by the red dash circles. 
The bonding characters of the STNW derived from Raman spectroscopy analysis can 
be found in Figure 4-5 where a strong Raman adsorption on the STNW is shown. The 
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Raman spectrum is essentially similar to the spectrum reported for sodium titanate, where 
several characteristic peaks are identified like Na-O-Ti bonds at around 280 and 310 cm-1 and 
at about 670 and 709 cm-1 for Ti-O-Ti stretching bonds in the edge sharing TiO6 [236, 237]. 
Importantly, a peak with a notably strong intensity is observed around 923 cm-1 which is a 
result of short Ti-O stretching vibrations in the distorted TiO6 units [237, 238].  
 
Figure 4-5: Raman spectrum collected from the STNW sample using 785 nm wavelength 
laser source.  
4.3.2 Brittle tensile behaviour 
In situ tensile tests on STNWs were conducted with a PI95 TEM Picoindenter, which 
has precise control over the displacement and load measurement [60, 239]. For NW tensile 
measurements, an individual specimen is fixed at the centre of the push-to-pull (PTP) device 
by focused ion beam induced Pt deposition. In general, the engineering strain is calculated 
according to , with L0 and L being the initial and elongated length of the NW, 0 0( ) /L L Lε = −
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respectively. Correspondingly, the engineering stress is derived from , where F and 
A respectively represent the tensile force and the NW cross-sectional area. In situ 
measurements are inevitable from electron beam irradiation and, for some materials, can 
result in phase transformation and greatly alter their mechanical properties [240]. In this 
regard, we examined the mechanical responses of STNWs under TEM imaging conditions 
with a spread electron beam. Specifically, the NW was held for a period of time after certain 
initial elongation, during which the electron beam was shifted away and onto the specimen 
for a certain time. It was found that the mechanical response of the NW remains stable, i.e. 
the recorded tensile force is nearly a constant (see Figure 4-6). This stable mechanical 
response suggests that the electron beam with the energy and intensity as employed in this 
study does not cause detectable structural or mechanical property changes to the STNWs 
within the tensile experiment time frame.  
 
Figure 4-6: (a) Engineering stress-strain curve of for STNWs. Black data points show the 
loading curve and green data points show the unloading curve. Red points represent data 
collected during load holding. (b) A force-time plot of the tensile test. From 30–40 seconds 
and from 50–70 seconds, the incident electron beam was shifted away from the NW sample. 
/F Aσ =
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For NW tensile measurements, individual specimens are fixed at the centre of PTP 
device by focused ion beam induced Pt deposition. Compressive force at the circular end of 
the PTP results in tensile elongation to the NW (Figure 4-7a). Meanwhile, TEM sample 
visualization can be realized through observing the NW across the trench. As derived from 
the in situ testing, typical stress-strain curves of STNWs are shown in Figure 4-7b where 
both show brittle deformation features. The stress increases monotonously (a good linear 
profile) until reaching a threshold value, after which the stress experiences a sharp reduction 
to zero. According to the TEM images (inset in Figure 4-7b), no cross-section shrinkage or 
necking is observed before or after the NW fracture. This observation affirms that the 
STNWs experience a brittle fracture under tensile deformation. Such brittle fracture 
behaviour is uniformly observed from the tensile tests across more than 15 samples (despite 
their differences in dimensions and initial defect density), which is also in good accordance 
with the observed under three-point bending test [227]. 
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Figure 4-7: (a) A SEM image of a PTP device on which a STNW is fixed across the trench at 
the centre. Compression loading at the circular end of the PTP converts to tensile loading at 
the centre (b) Engineering stress-strain curves of two NWs with similar dimensions (denoted 
as NW1 and NW2 with a diameter of 180 and 197 nm, respectively). Insets show the TEM 
images of sample NW1 and NW2. The square fracture shape of NW2 (inset, scale bar 100 nm) 
is consistently seen in other examined NWs. (c) Estimated Young’s modulus (E) of the 
STNWs in relation to their equivalent diameter. Error bars are originated from the differences 
in sample height measurement using SEM. (d) Estimated Young’s modulus and fracture 
strain as a function of the initial defect density of the samples. The X-axis error bars are 
originated from the different threshold values being adopted to determine the contrast regions 
(in the visible area). 
A comparison between the measured Young’s modulus across all examined STNWs 
is plotted in Figure 4-7c, from which a relatively large variance (from 37 to 250 GPa) can be 
observed. Here, Young’s modulus is estimated from the stress-strain curve with the strain 
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within 2% using linear regression. It was found that the estimated Young’s modulus 
fluctuated between 37 to 125 GPa for most of the examined STNWs when their equivalent 
diameter increases from 200 to ~550 nm (except the case with the smallest diameter). In other 
words, no clear relationship was found between the Young’s modulus and the diameter of the 
examined STNWs. This result suggests that other factors are also playing a crucial role in 
determining the mechanical properties of the tested STNWs. For example, we observed 
significant influence to the Young’s modulus from the initial defects as shown in Figure 4-7b. 
It is seen that the “cleaner” NW (NW1 with few initial defects) has a Young’s modulus of 
around 250 GPa. In comparison, NW2 with intense initial dark contrasts (i.e. initial defects) 
has a measured Young’s modulus of around 65 GPa, nearly four times lower than that of 
NW1 despite their similar equilibrium diameters (180 nm for NW1 and 197 for NW2). Such 
a big variation suggests that the impact of initial defect density on the mechanical properties 
of STNWs cannot be ignored. To effectively quantify the dislocation density from the 
recorded experimental videos, an automated process was developed based upon image 
processing. In this process, defect density is related to the dark contrasts visible in TEM, and 
the percentage area of these contrasts is measured against the total visible projected NW 
area. To extract this value, a threshold was selected to best identify the contrast regions. The 
number of pixels associated with the contrasts were then extracted and measured as a 
percentage against the total visible NW area (in pixels). This approach is effective when the 
contrasts were distinct in the visible area of the projected NW. By characterising the initial 
dark contrast or defective region in the visible area of the examined NWs (see Figure 4-8a), 
we observe a strong correlation between Young’s modulus, fracture strain and defect density. 
As illustrated in Figure 4-7d, NWs with a lower defect density are found to have a higher 
Young’s modulus. As demonstrated by experimental and numerical approaches, the presence 
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of defects in ceramic materials can alter the chemical bond length and lattice parameters 
which can result in a significant impact on the elastic modulus [61, 179, 235]. 
 
Figure 4-8: (a) Defect area is calculated by dividing the total visible area of the sample by 
the detectable contrast area. The error bar for the defect area is generated from the different 
threshold values while determining the contrast regions. (b) Fracture strains εmax of STNWs 
by the NW’s equivalent diameter. 
The fracture strains of STNWs with different equilibrium diameters show a random 
fluctuation from 0.4% to 2.7% (Figure 4-8b), which shares a similar range to GaN NWs [61] 
and appears to be generally lower than that of ZnO NW (by around 2%) [59]. However, we 
found a correlation between NW fracture strains and the initial density. It is shown in Figure 
4-7b that the fracture strain for sample NW2 (with large numbers of initial defects) is around 
2.3%, which is more than three times higher than its counterpart NW1 with fewer detectable 
defects. The fact that these two NWs exhibit the same brittle deformation behaviour indicates 
that the existence of initial defects has greatly strengthened the extensibility of the STNWs. A 
near linear relationship between the fracture strain and the NW initial defect density is 
derived from five of the measured NWs as plotted in Figure 4-7d. An in-depth analysis of 
the TEM images showed that the unexpected mechanical responses can be related to the 
reversible motion of the initial defects. As presented in Figure 4-9a, dramatic movement of 
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defects appeared throughout the NW during tensile deformation. Here, an observation of the 
defect motion is indicated by the contrast movement. Contrast motion from other possible 
factors such as material thickness and composition difference can be ruled out since these 
features cannot move independently from the substrate under room-temperature tensile 
deformation. These initial defects gradually shift and fade during tensile deformation (from 
00:00:00 to 00:00:43 in Figure 4-9a). After fractures, these defects are found to grow back 
and restore their initial morphology (from 00:00:44 to 00:02:09 in Figure 4-9a). A clear 
observation from these results indicates a novel reversible defect motion trait in the 1D 
sodium titanate nanostructures.  
4.3.3 Large scale defect motion and tensile anelasticity 
After fractures, the elongated STNW is found to largely recover from the elastic 
deformation almost instantly (00:00:44), at which point the TEM images shows few dark 
contrasts (i.e. few observed defects). Reversible moving defects are detected for over 2 
minutes after fractures. Upon closely analysing the TEM images, it was found that the angle 
of deviation of the free standing fractured NW is less than 1̊, while the measured length L 
(distance between the markers pointed to by the red arrows at the top of Figure 4-9a) reduced 
gradually to a total length of about 32 ± 6 nm (see Figure 4-9b). This observation indicates 
that the defect motion in the layered STNW has endowed it an anelastic recovery capability. 
On one hand, STNWs exhibit a brittle tensile characteristic, while on the other hand, they 
demonstrate a reversible defect motion that is normally seen in ductile materials. The 
anelastic recovery at the uniaxial direction presented by the STNW is generally considered 
improbable for single crystalline materials [49].  
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Figure 4-9: (a) TEM images of the STNW during in situ tensile test. Elastic deformation is 
depicted by the position change of the bump markers on the sample pointed to by red arrows 
on images. The migration of the defects is described by the yellow boxes. (b) The length 
change of the free standing fractured NW from 00:00:43 to 00:02:09, which shows the elastic 
recovery and suggests the anelastic recovery of the NW. Clear anelastic recovery of the 
defect motion was observed on several defective specimens with recovery times generally 
shorter than 3 minutes.  
4.3.4 Reversible defect motion 
Theoretically, a large amount of defect migration as observed in our tensile tests can 
cause significant plastic deformation of the materials which is clearly contradictory in the 
case of STNWs. In the case of SiC NWs, the elastic-plastic transition is initiated by 
dislocations formation. [50]. Mo NWs having initial dislocations exhibit post-yielding plastic 
deformation which is distinctively different from the dislocation-free samples that only 
deform elastically [241]. To affirm the relationship between defect motion and mechanical 
responses in STNWs during tensile deformation, extensive examinations were carried out by 
considering various loading conditions. In a single loading-unloading test shown in Figure 4-
10, defects move along the STNW as the tensile loading proceeds. By gradually removing the 
tensile load (without causing fracture), we observe a clear reversible defect motion in the 
sample (Figure 4-10, left). This reversible defect motion is further confirmed through 
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observation from the TEM dark field imaging condition (Figure 4-10, right). This 
phenomenon suggests that the defect motion is not related to local heating by the incident 
beam or surface contamination.  
 
Figure 4-10: Sequential TEM images extracted from the in situ tensile loading-unloading 
movie where the images on the left are taken under bright field imaging condition and the 
images on the right are taken under dark field imaging.  
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4.3.5 Nanowire behaviour under cyclic loading-unloading 
Strong evidence of reversible defect motion can be seen from the cyclic loading-
unloading test on STNWs, whereby the tensile behaviour of the STNWs was tested under 
numerous loading-unloading cycles. As shown in Figure 4-11a, the loading-unloading curves 
in the elastic deformation region are nearly identical to each other in each of the conducted 19 
cycles. The averaged Young’s modulus from each cyclic test is calculated to be around 53.1 
± 3 GPa (Figure 4-11b). The cyclic tests were repeated on different samples where 
reproducible elastic deformation curves were constantly obtained. More specifically, along 
with the almost identical curves, the defects were found to shift and fade periodically during 
the cyclic test. As compared in Figure 4-11c, the initial cluster of defects (00:00:00) shift and 
fade when the NW is elongated (00:00:17), where the elongated state is marked by the blue 
circle marker in Figure 4-11a. After unloading, these defects shift and grow back. Such 
reversible back-and-forth motion of defects is clearly observed from the continuing loading-
unloading test (Movie S4). Under the same loading force, the defect pattern on the NW is 
nearly identical to that depicted in Figure 4-11d which is correlated with the yellow markers 
in the loading state in Figure 4-11a. For instance, the extracted defect pattern at the 
elongated state from different cycles (from cycle 2, 3 and 17, marked by I, II and III) shows 
similar patterns and the defect patterns at their lowest loading states (marked by α, β and γ) 
show nearly identical defect patterns. After the 19 cycles, the recovered defect cluster is 
almost the same as its original pattern (Figure 4-11c). Overall, it can be confirmed from the 
cyclic loading-unloading test that there is reversible defect motion in the STNW under tensile 
deformation and that the defects can be restored to their original positions almost completely. 
It is worth noting that defect motion in ceramic SiC NWs is non-reversible as the resulting 
structural amorphisation leads to material plasticity [50], which is fundamentally different to 
the case of STNWs. The unchanged electron diffraction patterns before (Figure 4-11e) and 
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after (Figure 4-11f) the loading-unloading process suggest that the defect motion in STNWs 
is an amorphisation free process. 
 
Figure 4-11: (a) Displacement vs time as obtained from 19 loading-unloading cyclic in situ 
test on STNWs. (b) The estimated Young’s modulus (E) from each cyclic loading. (c) TEM 
images from the cyclic loading test showing the initial (00:00:00), elongated (00:00:17), and 
the final states (00:01:50) of the STNW. (d) Enlarged TEM images showing the defect 
morphology in a confined region in cycle 2, 3 and 17, respectively, which clearly shows that 
the reversible mobile defects present nearly identical patterns under the same loading force. 
Electron diffraction pattern before (e) and after (f) NW tensile fracture 
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Having observed the atypical defect motion in brittle STNWs, it is of great interest to 
unveil the underlying deformation mechanisms. As mentioned, STNWs possess a superlattice 
structure which is comprised of Na+ and TiO6 ribbon layers. Early studies showed that the 
layer of Na+ can be easily exchanged while the TiO6 layers do not collapse during ion 
exchange even in strong alkaline or acidic conditions [242]. In other words, STNWs have 
stable covalent intra-layer bonds and less stable inter-layer ionic interactions. Numerically, 
the ability to perform layer gliding is reported on a similar Na0.5NbS2 superlattice possessing 
a certain ratio of defects [243]. Electrochemically, for layered nanostructures, layer gliding 
and its reversible motion take place as a response to the system energy change [244]. For 
these superlattices, it is reported that the role of interlayer cation (Na+) is to stabilise the 
layered structures by reducing the electrostatic repulsion between the negatively charged 
layers. When Na+ is unbalanced, reversible layer gliding happens [245]. Therefore, it is 
reasonable to speculate that the mechanical loading induced reversible defect motion is also 
attributed to the heterogeneous layered characteristic of STNWs. According to our DFT 
calculations, the energy that is required to glide the TiO6 ribbon layer is as low as 0.3 eV per 
unit cell, which can be easily surpassed by mechanical loading. We propose that when the 
unit cell is stretched (i.e. the layer gliding), the perpendicular direction of the unit cell is 
compressed, leading to a smaller interlayer distance. A schematic illustration of the loading 
induced sodium titanate layer gliding is depicted in Figure 4-12. During this process, the 
mechanical energy is converted to chemical potential energy and stored in the sodium titanate 
structure. In the elastic regime, this stored energy can then drive the recovery of the whole 
sodium titanate structure after removal of the external loading. To confirm the detailed 
deformation mechanism for STNWs, numerically based approaches (e.g. Molecular 
Dynamics simulations) are in demand, in which case development of its novel interatomic 
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potential is needed. Nevertheless, there is evidence from our in situ tensile tests that the 
brittle STNWs undergo massive defect motion which also shows a reversible motion trait.  
 
Figure 4-12: Schematic illustration of loading induced sodium titanate unit cell structure 
change. Stretching the monoclinic unit cell of the STNW leads to gliding and shrinkage of the 
TiO6 ribbon layers. The increase in the chemical potential after the unit cell deformation is 
depicted in red. 
4.4 Summary 
The mechanical behaviours of layered STNWs were investigated using MEMS device 
assisted in situ TEM tests. The STNWs were found to exhibit a brittle characteristic 
regardless of different diameters and initial defects. It was found that the initial defects have a 
strong correlation to the mechanical properties of the STNWs. The estimated Young’s 
modulus ranges from 37 to 250 GPa, with the fracture strain varying from 0.4% to 2.7%. 
Given the observed brittle characteristic, increases in the initial defects were found to 
significantly enhance the extensibility of the STNW. Most strikingly, reversible defect 
motion that is normally seen in ductile materials was observed in the brittle STNWs. Further 
cyclic loading-unloading in situ tensile tests showed that the defects shift and fade during 
loading and after unloading, these defects are found to grow back and the NWs restore to 
their initial morphologies. This disappearing and growing-back process was consistently 
observed from the cyclic loading-unloading tests on different samples. The abnormal defect 
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motion train is likely due to the gliding of the TiO6 layers. Our initial DFT calculations show 
that a small amount of energy (~ 0.3 eV) is required to glide the TiO6 ribbon layer in a unit 
cell. Overall, although the underlying mechanisms are still unknown (due to the limitation in 
the defect characterisations from the experiments), this study has confirmed that the brittle 
STNWs can undergo a unique reversible defect motion under tensile deformation, which is 
not seen in other similar brittle materials. Exploration of such a novel observation can 
establish an understanding of the deformation behaviour of superlattice nanostructures and 
eventually assist in the design of functional layered materials.  
      
Chapter 5: Electron Beam Induced Ceramic Nanojoint Formation between Titanate Nanowires  Page 88 
Chapter 5 : Electron Beam Induced Ceramic Nanojoint 
Formation between Titanate Nanowires  
5.1 Introductory Remarks 
Ever-increasing precise handling of materials at the nanoscale allows for further 
advances in nanotechnology, for example, via enabling the architecture of more complex 
nanostructures and devices. It is acknowledged that interaction between solid materials and 
electrons can intensify atomic vibration and generate heat [80]. As experimentally observed, 
interaction between electrons and solids generates interesting phenomena which include 
phase transformation in inorganic materials like VO2 [60], amorphous SiO2 [240] and zinc tin 
oxide [246]. For titanate, it is known that under a concentrated acid environment, radical 
structural reorganisation of STNWs takes place to produce rutile with a completely altered 
morphology. However, titanate behaviour under electron beams is largely unclear. In this 
chapter, tests on electron beam interaction on titanate NWs are performed which reveal its 
phase transformation mechanism and result in the formation of ceramic titanate nanojoints. 
We first observed a stable titanate NW structure under a low e-beam density. However, if the 
e-beam energy is concentrated with prolonged irradiation time, phase transformation occurs 
on titanate NWs which leads to joint formation via fusion of the resulting rutile.  
Nanojoints with different morphologies can be produced based on the initial position 
of the titanate NWs and directing e-beam. Due to the low thermal conductivity and phase 
transformation properties of titanates, an observed phase gradient contains rutile, anatase and 
pristine titanate which are joined by coherent interfaces that can be observed along the 
longitudinal direction of the EBI treated NW. The titanate-to-anatase transformation does not 
cause morphological changes and the two phases form a crystallographic match (coherent 
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interface) with parallel lattice orientations. Formation of a coherent interface between two 
nanocrystals leads to a reduction in the Coulomb forces and a minimising of the dangling 
atomic bonds so that the interface becomes stable [33]. Used as an effective technique to join 
nanocrystals, applications of coherent interfaces can be found in numerous areas such as 
electronic devices [247], water treatment [30], photocatalysts [248], and solar cells [14]. This 
joining approach can be applied to ceramics where physical joining techniques (welding, 
soldering or fusion) are greatly limited. Fusion of the resulting rutile phases accommodates 
nanojoint formation during which morphological change, structural reconstruction and heat 
production occur. If the joint section is formed between two separate materials, while the 
remaining samples are still attached to the joint by coherent interfaces, an intact joint between 
ceramic nanomaterials can be constructed. Along the joined STNWs, a phase gradient of 
rutile⟶anatase⟶titanate is formed which connects and bonds the whole structure through 
coherent interfaces. Manifestation of the joined structure integrity and stable joints confirm 
that ceramic NWs can be joined by coherent interface from phase transformation which also 
produces thermal activity. Applying the thermal energy during the EBI treatment on rutile, in 
situ spot melting of individual metal NWs can be successfully performed in a delicately 
controlled manner. Herein, a nanojoint formation technique which addresses the joint 
formation limitation between ceramic NWs is demonstrated by inducing phase transformation, 
materials fusion and coherent interface formation. The findings suggest that ceramic 
nanojoint formation at the nanoscale is possible if the properties of nanomaterials are 
understood and properly utilised.  
5.2 Experimental and numerical Implementations  
5.2.1 Synthesis of sodium titanate and protonated titanate 
An overview of the production of STNWs can be found in the previous chapter, 
section 3.3.1. After collecting the STNWs, protonated STNWs are prepared by gently mixing 
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the prepared STNWs with 40 mL of 0.1 M HCl at room temperature for 24 hours. The 
resultant white powder is then washed with deionised H2O four times until the solution pH is 
7. A final washing with ethanol is conducted to avoid sample aggregation before drying in air 
at 80°C overnight. 
From the TEM image (Figure 5-1a), it can be seen that replacing the interlayer 
sodium cations does not cause dramatic morphological changes to the NWs as the fibril shape 
is maintained. It can be seen from the XRD pattern the interplanar spacing of the (100) plane 
shrank (peak shift to higher two theta angle) after the ion exchange. The protonation of 
sodium titanate produces a more chemically stable compound and the reversible Na+ 
exchange on the hydrogenated titanate NW (HTNW) process is not favoured. This observed 
structural property of HTNW is in accordance with previously reported work [32]. 
 
Figure 5-1: (a) Low magnification TEM image of protonated STNWs. (b) Comparison of 
XRD pattern between STNWs and HTNWs. 
5.2.2 EBI Treatments  
Guided-EBI joint formation and welding with STNWs is carried out in a JEOL2100 
transmission electron microscope operated at 200 kV which is equipped with an energy 
dispersive X-ray spectrometry (EDS) detector. Joint formation is conducted under 40 k 
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magnification with a beam current density of 205 pA/cm2. The TEM spot size and alpha 
configuration are set at 1 and 3, respectively.  
5.2.3 DFT calculations  
CASTEP Materials Studio 8.0 and Amsterdam Density Functional (ADF) software 
packages were used to estimate the enthalpies of the formation of phases observed in the 
experimental system, as indicators of ease of formation and to obtain the energy required or 
evolved in the decomposition process. Enthalpies of formation of sodium titanate and TiO2 
(the initial and final observed phases in the TEM) are estimated using local-density 
approximation (LDA) and generalised gradient approximation (GGA), with full geometry 
optimisation, as the total electronic energy (enthalpy) minus the (pseudo-) atomic energies of 
the constituent atoms in the case of CASTEP, while ADF directly reports enthalpies of 
formation as part of the output files.  
5.3 Results and Discussion 
5.3.1 Ceramic joint formation under electron beam irradiation  
Upon EBI treatment with relatively high current density (205 pA/cm2) inside a TEM, 
we observed a morphology change in the STNWs followed by the formation of a nanojoint 
between the NWs (Figure 5-2). When the focused EBI is placed on the intersection of two 
overlayed NWs (Figure 5-2a inset), merging of the NWs occurs as observed in Figure 5-2a. 
The dimensions of the two participating NWs are less than 100 nm in width and a clear sign 
of materials coalescence can be seen. Based on the initial orientation of the NWs, different 
joint morphology such as “T”, “Y” or “X” shaped joints can be obtained as presented in 
Figure 5-2b-d. In all these figures, the initially independent NWs are marked as NW1 and 
NW2, respectively. Fusion takes place on the EBI treated NWs and causes merging of the 
NWs in close proximity. We also found that the joint shape can be tailored after its formation 
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by directing the e-beam around the joint. Figure 5-2b shows that guided EBI treatment on 
one of the two crossing NWs can successfully produce a “T-shaped” NW joint. Similarly, a 
“Y-shaped” joint can be produced from two overlaying NWs (Figure 5-2c). By applying EBI 
at the contact point between the crossed NWs, we observed the instant formation of a cross-
joint (“X-shaped”) as depicted in Figure 5-2d. A high resolution TEM (HRTEM) image in 
the blue rectangle joint area in Figure 5-2d reveals the lattice fringes at the merging part of 
the two NWs (Figure 5-2e). It can be seen from the clear lattice orientations and the 
corresponding fast Fourier transformation (FFT) image (Figure 5-2e inset) that the nanojoint 
is uniform and well crystallised. Looking at the joint morphology, the notable curvy shape 
suggests a likely material melting process during joint formation. In addition, the nanojoint 
has a different crystalline structure from the pristine STNW. It can be affirmed that the 
original pair of separate STNWs can coalesce into one conjunctive structure under EBI 
treatment and this observed phenomenon is schematically depicted in Figure 5-2f. The 
changed crystalline structure and the curvy morphology of the joint suggest that melting and 
structural reconstruction processes occur during the merging of the NWs. Such NW joint 
formation under the same e-beam current density was conducted on NWs of different sizes 
and it confirmed that the structural reconstruction occurs under the influence of e-beam 
intensity. 
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Figure 5-2: (a) formation of a nanojoint from two intersecting NWs (initial positions of the 
NWs are shown in the inset). The formed joint is indicated by the red dash-line rectangle. The 
initially separated NWs are marked as NW 1 and NW 2. (b) TEM image of a T-shaped joint 
formed under EBI between two NWs which are indicated as NW1 and NW2. (c) TEM image 
of a Y-shaped joint produced by EBI with the initial two NWs marked as NW1 and NW2. (d) 
TEM image of an X-shaped joint formed by two NWs: NW1 and NW2. (e) HRTEM image 
of the merging section of the joint inside the blue rectangle box from (d). A single crystalline 
structure can be indicated from the lattice planes and the FFT pattern in the inset. (f) A 
schematic illustration of the nanojoint formation between NWs under EBI treatment. 
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5.3.2 Electron beam induced phase transformation 
Diffraction patterns of a NW taken at different exposure times show the structural 
evolution of the EBI treated sample as shown in Figure 5-3. Prior to the EBI treatment, the 
sample presents as a characteristic, perfectly grown, single crystalline structure. When the 
NW is exposed to the e-beam, the (100) planes first start to collapse noticeably and the 
electron diffraction pattern develops blurring within a 2 minute time frame. Under continuous 
EBI from 2–90 minutes, the trace of the (100) plane eventually fades completely, which 
indicates that the interlayer is greatly modified. Collapsing of the (100) plane is speculated to 
be the result of interlayer Na+ removal. Similar to the protonation, in which case Na+ cations 
are replaced with smaller H+ ions,  
 
Figure 5-3: Electron diffraction patterns from STNW before EBI treatment (0 min) and after 
EBI treatment (current density: 33 pA/cm2) for different exposure times. Initial identified 
(400) and (011) planes are labelled and marked by red circles in the figure for 0 min. 
To understand the structural change of the titanate NW, EBI treatment on a single 
cantilevered STNW was conducted, where the structural change could be controllably 
induced and analysed. As shown in Figure 5-4a, when the free end of the uniform NW is 
irradiated, morphological change happens in a way that the target material accumulates on the 
cantilevered end instead of thoroughly converting the NW. The baseball-bat-shaped NW in 
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Figure 5-4a originated from STNW via the EBI treatment and by directing the EBI direction 
along the NW, material gradually accumulates at the tip, while the specimen shrinks along 
the NW longitudinal direction.  
The selected area electron diffraction (SAED) patterns at different points along the 
EBI treated NW cantilever show that the structural change occurs at the EBI treated area and 
the irradiation results in a localised structural modification instead of transforming the overall 
structure. An electron diffraction pattern (EDP) taken from the blue box area in Figure 5-4a 
(closer to the fixed end) presents the crystalline superlattice structure of a typical STNW [238] 
(Figure 5-4b). In contrast, the EBI treated mobile end of the NW cantilever has a completely 
different EDP (Figure 5-4c) as measured from the area in the red box area from Figure 5-4a. 
The indexed EDP confirms that the structure of the ballistic end of the NW belongs to the 
rutile phase. The crystal system of rutile is tetragonal with space group P42/mnm. Detailed 
lattice parameters are as follows: a=4.5934Å, b=4.5934Å and c=2.9575Å. From the rutile 
structure, lattice planes (110), (301) and (21�1) are identified at the zone axis of [11�3�]. It was 
confirmed that an e-beam can induce titanates to undergo structural transformation to form 
crystalline rutile. From a mechanical point of view, the Young’s modulus of the rutile (300 
GPa) [249] nanojoint is considered stiffer than those of the pristine STNWs (bending elastic 
modulus 33±7 GPa) [227].  
It is worth mentioning that the phase transformation from sodium titanate to rutile 
usually takes place under an acidic environment (protonation process) and mild heating from 
which anatase is produced as an intermediate phase [32]. Furthermore, it requires either a 
concentrated acidic (>2 M HNO3) environment or prolonged heating at high temperatures 
(>700°C) to eventually form rutile. In comparison, a focused EBI treatment can induce the 
phase transformation of sodium titanate to rutile in a near instantaneous process with a 
significantly rapid transformation rate (<1 second). EBI treatment was also applied to 
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HTNWs, where it was found that the final product was consistently rutile. This observation is 
in accordance with the known thermal stability of STNW and HTNW, with the former being 
even more stable [32]. Based on the obtained phase transformation product, it is reasonable to 
assume that the interlayer cations are removed from the titanates and that thermal energy is 
generated locally at the titanate NWs under EBI treatment.  
In single crystal titanates, TiO6 octahedra form negatively charged zigzag layers in 
the layered titanate, where exchangeable cations can be found in-between layers (XRD 
shown in Figure 3-5a). The presence of such exchangeable cations indicates the weak ionic 
bonding in the structure. It is also reported that the interlayer ionic bonds allows relative 
gliding movement of the covalently bonded layers to maintain the integrity of the layered 
structure [245]. Thus it is reasonable to speculate that the interlayer Na+ can be easily 
removed from the compound. A DFT calculation on the Na vacancy formation implies that 
the energy required to generate a single Na vacancy is as low as 1.416 eV per atom in a 
supercell containing 72 unit cells. For the larger actual system, the required energy could be 
even lower and such energy difference can be easily surpassed by a focused e-beam. The 
detailed DFT calculation process and discussions can be found in the supporting information. 
In this work, we applied a lower current density (50 pA/cm2) than normally used for melting 
to observe the initiation of the phase transformation. During mild EBI treatment, gradual loss 
of interlayer Na+ and structural changes were measured as depicted in Figure 5-4d-e. 
Iterative energy-dispersive X-ray spectroscopy (EDS) and EBI were applied to the red box 
area in Figure 5-4d. The EDS data recorded over time shows that the Na content decreases 
gradually to zero as the EBI treatment time is prolonged (up to 10 minutes). The negatively 
charged electron beam neutralises the ionic interaction between the TiO6 ribbons and Na+ 
ions, which are subsequently knocked-out from the NW substrate.  
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Figure 5-4: (a) Process of a cantilevered STNW undergoing morphology change under EBI 
treatment. The STNW (107 nm in width) is treated with EBI at the mobile end, where it 
phase transforms to rutile. As the focused EBI treatment is moved along the NW length, 
direction as indicated by the red arrow, the fusion process propagates. (b) The SAED pattern 
of the fibril part of the EBI treated NW taken from the blue square area from (a) which shows 
the structure of a typical superlattice STNW. (c) The SAED pattern taken from the red square 
area of (a) showing a single crystalline rutile structure along the [11�3�] zone axis where 
indexed diffraction spots for planes (110), (301) and (21�1) are marked. (d) A TEM image of 
a STNW to which iterative energy-dispersive X-ray spectroscopy (EDS) measurement and 
EBI are applied. (e) EDS spectra collected from the red box in (d) which shows the atomic 
ratio of Na/Ti at different EBI exposure times.  
5.3.3 DFT calculation on the Na vacancy formation energy 
The clear drop in Na percentage is mainly attributed to a weak bonding energy of the 
interlayer Na+ to the rest of the negatively charged structure and the positive charge of the Na 
cations. Under the focused e-beam, collisions between the incoming electrons and atoms can 
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transfer appreciable energy via inelastic scattering [81]. According to the theory of electronic 
sputtering of solid elements, there is a threshold incident energy (Et) which is proportional to 
the atomic number [81]. The threshold energy (Et) for displacement of atoms with atomic 
weight (A) can be determined from the displacement energy (Ed) using equation (5.1) [250]: 
𝐸𝑡 = �100+𝐴𝐸𝑑5 �0.5−1020                                                                                                                 (5.1) 
Where Et is in MeV and Ed is in eV. It is evident that for a fixed displacement threshold (Et), 
a higher displacement energy is transferred to atoms with a lower atomic weight. In this case, 
the amount of energy that can be transferred to atoms is in the order of O (34 eV) > Na (23 
eV) > Ti (11 eV). The higher the amount of energy transferred to an atom, the more likely the 
atom will be excited and/or removed from the system. However, it should be noted that the 
atomic bonding also plays an important role in their interactions with the e-beam. Using DFT, 
we calculate the formation energy (or enthalpy) to create a single Na vacancy (VNa) in the 
sodium titanate structure using various sized supercells. Since the type of free Na species 
cannot be detected in the TEM chamber, we consider two possible reactions, one in which the 
Na is neutral and the other where the Na is ionized as shown, respectively, in equations (5.2) 
and (5.3) below: 
Na2Ti3O7 ⟶ Na + Na2-xTi3O7                                                                                              
(5.2) 
Na2Ti3O7 ⟶ Na+ + Na2-xTi3O7 + µNa + EF                                                                           
(5.3)     
The energy for the VNa formation, abbreviated as Ef(VNa), is calculated using both the 
LDA and generalised gradient approximation (GGA), for the neutral Na case. When Ef(VNa) 
is calculated for a relatively small supercell system (repetition of 2 unit cells, which 
corresponds to a very high density of defects), the result obtained gives a high formation 
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energy of around 24.14±0.05 eV per atom. Proposed sources of errors in DFT calculations of 
enthalpies of formation and methods to correct them are abundant and diverse [251, 252] and 
we opted to estimate the errors using the standard deviation for LDA and GGA results, 
because this compares well to typically quoted errors. Regarding this point defect calculation 
with equivalent high concentration of defects, accuracy of the result can also be negatively 
affected by the small supercell size in which interactions between the defects in neighbouring 
supercells cannot be ignored [253]. By increasing the supercell size (calculation results are 
shown in Table 5-1), a clear decreasing and converging trend of VNa formation energy is 
derived as plotted in Figure 5-5 (note that the difference in energy between the defective 
supercells and the corresponding number of perfect cells is approximately constant). When 
the supercell contains 72 unit cells, the Ef(VNa) is calculated to be around 1.416 eV per atom. 
By isolating the point defect in a large supercell, the defect-defect interaction appears to be 
eliminated and the single Ef(VNa) calculation becomes more accurate and more likely to be 
closer to the real system. 
As mentioned, the possibility also exists for the released Na to be in the form of 
cations, in which case additional terms are involved in the formation energies. In the Na+ 
charged case, the chemical potential as well as the Fermi energy for the charge balancing 
electron (as shown in equation 5.3) need to be considered. The formation energy of VNa can 
be given by [253]: Ef(VNa) = Etot(VNa) - Etot(Na2Ti3O7) + µNa + EF, where Etot(VNa) is the 
total energy of the superlattice containing the defect, Etot(Na2Ti3O7) is the total energy of the 
perfect Na2Ti3O7 crystal, and EF is the energy of the exchanged electrons referred to the 
electron reservoir, i.e. the Fermi energy. The Na+ cation that is removed is also located in a 
reservoir, indicating that it can become part of new Na-containing phase, the energy of which 
is approximately given by the chemical potential of Na, µNa.  
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The decomposition reaction Na2Ti3O7 ⟶ Na2O + 3TiO2 represents the chemical 
balance prior to further decomposition to sodium metal and its heating to vaporisation 
temperatures. We have also calculated the enthalpy of this reaction using the same procedures 
described above and obtained excellent agreement with the values reported by Hautier et al. 
[252]. It is apparent that Fermi energy corrections are not always effected and may not 
significantly influence the Ef(VNa) since the Fermi energies for sodium titanate and TiO2 are 
the highest (GGA CASTEP values about 6 eV for Na2Ti3O7 and TiO2, and 2.5 eV for Na2O, 
respectively) and end up very similar so that they can cancel each other out in the equation. 
The enthalpies derived for VNa formation per atom, particularly at low defect concentrations, 
are considerably low which is indicative that VNa can be created via incident electrons. 
Notably, calculations on VNa formation energy could also serve as good indicators for ease of 
sodium ion creation in battery applications of STNW materials.  
 
Figure 5-5: Changes in the formation energy of Na vacancy (VNa) based on the number of 
unit cells in each supercell.  
After removal of Na+ cations, the system energy of the remaining Ti-O compound is 
elevated so the system becomes unstable. A slight gliding and stacking of the TiO6 zigzag 
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structure from the pristine STNW can merge to form anatase which maintains the fibril 
morphology. Meanwhile, energy generated by radiolysis through the electron-bombardment 
leads to breaking of Ti-O bonds in the TiO6 octahedra that leads to structural reconstruction 
forming rutile. In this regard, promotion of the recrystallisation process under the e-beam has 
been reported previously [84]. The process starts with an increase in the system entropy by 
knocking off the Na+ ions and an elevation in the heat energy. It is reported that collective 
oscillation of atoms in a solid can be excited by inelastic collisions between incident electrons 
and atomic electrons, which transfers energy and oscillates the atoms. Most of the energy 
ends up as heat within the specimen, rising the temperature within the sample above that of 
its surroundings [81, 250]. Meanwhile, crystal reconstruction occurs as the system entropy 
keeps increasing with continuous EBI treatment and the heating process also increases the 
crystallisation rate.  
Table 5-1: Density function theory calculations of the total energy, Fermi energy and lattice 
parameters on pristine Na2Ti3O7 and various Na2Ti3O7 supercells with one Na vacancy.  
Compound  
No. of 
atoms 
Approx. 
Total 
energy 
(enthalpy) 
[eV] 
Normalized 
total 
energy 
(enthalpy) 
[eV] 
Fermi 
energy 
[eV] 
Lattice parameters 
a[Å] b[Å] c[Å] α[°] β[°] γ[°] 
Na2Ti3O7 24 
LDA -20109.71 -10054.86 2.824 8.427 3.729 8.965 90 101.9 90 
GGA -20136.44 -10068.22 5.009 8.654 3.792 9.194 90 101.8 90 
Na2-xTi3O7 
(1×2×1) 
47 
LDA -39063.45 -9765.86 2.035 8.436 7.438 9.032 90 102.1 90 
GGA -39112.77 -9778.19 1.902 8.687 7.558 9.250 90 101.9 90 
Na2-xTi3O7 
(2×3×2) 
287 
LDA -240160.77 -10006.70 2.385 16.879 11.187 17.925 90 101.9 90 
GGA -240407.72 -10016.99 2.261 17.333 11.370 18.396 90 101.7 90 
Na2-xTi3O7 
(3×4×3)* 
863 
LDA -722724.95 -10037.85 2.422 25.521 15.173 27.238 90 101.5 90 
GGA -723689.58 -10051.24 2.822 25.677 15.268 27.406 90 101.6 90 
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* Unoptimised values at initial cycles of incomplete geometry optimisation 
5.3.4 Coherent interface formation between different phases 
As noted previously, an increase in current density causes a dramatic phase 
transformation of titanates which leads to changes in the material structure. In Figure 5-6a, a 
clear phase boundary of the changed structure (right) and sodium titanate (left) is captured as 
indicated by the yellow arrows. Zooming in closely at the boundary (Figure 5-6a blue box), 
the HRTEM shows (Figure 5-6b) that the lattice planes on both sides of the phase boundary 
are noticeably distinctive (divided by the yellow dashed line). It was observed that the (300) 
planes of the superlattice STNW completely disappeared after exposure to the EBI as shown 
on the left side of the phase boundary. In contrast, the (300) planes, as well as the parallel 
(100) and (200) planes of pristine STNW are clearly visible on the right side of the phase 
boundary. An FFT image of the unchanged STNW (generated from “Area II” in Figure 5-6b) 
presents the HTNW superlattice structure (Figure 5-6c) which is slightly different to the 
pristine STNW structure. The subtle structural change is observed by the HRTEM. Under the 
same zone axis, the orientation between plane (300) and (011) of the STNW is not 
perpendicular. In comparison, the (011) plane of the HTNT has an angle close to 90° with 
respect to the (300) plane which is consistent with the observation in Figure 5-6b. Formation 
of HTNW from STNW at high temperature is expected as hydrogen is introduced from the 
adsorbed water molecules while excluding the interlayer sodium [32]. Structural integrity 
between the HTNW and the STNW can be maintained due to their common TiO6 bone 
structure. For the EBI treated side, it is noteworthy that an anatase phase is detected at the 
boundary as shown in the FFT image collected from the indicated “Area I”. Structural 
analysis of Figure 5-6d shows that the planes (110), (03
2
1
2
), (1
2
̅ 1 1
2
) and (11
2
̅ 1
2
̅) are clearly 
visible at the zone axis [1�13�] on the anatase phase which contains a supercell structure. By 
closely analysing the lattice orientation at the interface area, a well-matched coherent 
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interface can be identified between the two phases. An FFT image (Figure 5-6e) extracted 
from the interphase area (“Area III” in Figure 5-6b) contains lattice parameters from both the 
STNW and anatase phase which are schematically depicted in Figure 5-6f. It can be seen that 
the (300)STNW plane is parallel to the (211����)Anatase plane of anatase supercell. The measured 
interplane distance of the (300)STNW is around 0.31 nm which is close to twice the spacing of 
the ( 211���� ) and ( 1�21 ) planes (d( 211���� )=d( 1�21 )=0.166 nm) from the anatase phase. As 
schematically shown in Figure 5-6g, every two (211����)Anatase planes can form a highly parallel 
alignment with one (300)STNW plane. Interplane spacing matches can be also found between 
two (1�21)Anatase planes and a (300)STNW plane. Such crystallographic matching allows the 
maximum number of oxygen atom to be shared by both phases and full coordination can be 
achieved forming well-matched coherent interfaces [119]. Coherence between the two phases 
reduces the system energy via minimising the surface energy so that the different phases can 
join firmly at the interfaces [33]. Between the resulting anatase and rutile, the stable coherent 
interface formation has been extensively validated by both experimental [254] and theoretical 
approaches [255] given the importance of their joint property to the catalytic performances 
[256]. 
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Figure 5-6: (a) A TEM image of an EBI (466 pA/cm2) treated STNW showing a phase 
boundary as indicated by the yellow arrows. (b) A HRTEM image taken from the blue box 
area in (a). The yellow dashed line shows the phase boundary. Area II is characterised to be 
sodium titanate with measured d-spacing: d(300)=0.326 nm and d(020)=0.190 nm which is also 
indicative in the FFT image (c) generated from the Area II in (b). The right side of the phase 
boundary (Area I) is characterised to be an anatase supercell structure as depicted in the FFT 
image (d). The (110), (1
2
̅ 1 1
2
), (03
2
1
2
) and (11
2
̅ 1
2
̅) planes of anatase are marked by the red circles 
at the zone axis [1�13�]. (e) An FFT image taken at the phase boundary (Area III) from (b). 
Image (f) is a scheme of the composite electron diffraction pattern of both HTNW and the 
anatase phase which reveals the parallel orientation and close d-spacing of the (300)HTNW and 
two (211����)Anatase planes. The (300)HTNW plane also maintains a close interplane distance to 
both (1�21)Anatase planes. The interface between the STNW and the anatase deduced from 
panel (f) can be plotted as shown in (g) where close crystallographic matching of the two 
phases is shown.  
It is obvious from Figure 5-6a that the morphological integrity is maintained for both 
the resulting anatase and the pristine sodium titanate, despite the composition variation. This 
is due to the common structural features (edge sharing octachedra and zigzag ribbon) 
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between anatase and titanate which allows them to bond without major structural 
reconstruction [32]. Under elevated temperatures (700–900°C), anatase can transform into 
rutile accompanied by dramatic structural change [32]. This structural reconstruction occurs 
as the result of Ti-O bond breakage and reformation which accommodates specimen fusion 
and nanojoints formation. From the above observations, the EBI induced STNW-to-rutile 
phase transformation process is depicted in the schematic graph in Figure 5-7a. The presence 
of different phases along the EBI treated STNW can be a result of the temperature gradient 
along the specimen. As a result, a ceramic nanojoint is formed having different phases which 
are interconnected via stable coherent interfaces. Figure 5-7b shows the structural 
component of the ceramic titanate joint. Through manipulating titanate NWs via an e-beam, 
we have successfully demonstrated the formation of a ceramic nanojoint. 
Rutile, as the product of EBI treatment on STNW, is found to be extremely sensitive 
to e-beams which can lead to temperature elevation when being irradiated. Nevertheless, it is 
noteworthy that the thermal conductivities of the materials themselves and the surrounding 
substrate have great impact under e-beam induced activities. We have observed that while 
supporting the STNWs on a conductive substrate like Au nanomesh, no phase transformation 
to rutile is initiated on the STNW even under high e-beam current density (>400 pA/cm2). 
The difficulty of thermal energy accumulation can be explained if the incident electrons are 
diverted to the highly conductive substrate as the energy for the sample heating process is 
transferred. In terms of chemical stability, rutile is considered to be the most stable form of 
TiO2 and resistive to high temperatures, humidity and a high acidic environment. A similar 
high-intensity EBI treatment was conducted on the anatase phase and its phase transformation 
to rutile was also observed.  
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Figure 5-7: (a) Schematic illustration of the e-beam induced STNW phase transformation 
process. The demonstrated process undergoes cation exclusion and TiO6 layer stacking to 
form anatase which is eventually transformed to rutile through structural reconstruction. (b) 
Scheme showing the coherent interfaces joined phase gradient along the EBI treated titanate 
NW where rutile nanojoints are depicted on the right. 
5.4 Summary 
We successfully demonstrated the formation of a ceramic titanate joint by inducing 
phase transformation of STNWs, starting with interlayer cation exclusion, which was 
experimentally observed and supported by DFT calculations from the point of vacancy 
formation energy. Subsequent structural reconstruction and fusion led to the formation of 
uniform rutile joints. The whole ceramic joint structure presents phases of rutile, anatase and 
titanates which are stably joined by coherent interfaces. Diversity in nanojoint morphology 
can be obtained based on the initial NW orientation and EBI tailoring.  
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Chapter 6 : Controlled Spot Melting of Metal Nanowires 
Using Electron Beam Induced Titanium Dioxide Nanorods 
6.1 Introductory Remarks 
To handle nanostructures, numerous developments in nanotechnology and 
nanodevices are observed. In this regard, continuous innovation of MEMS devices has 
allowed precise mechanical measurements under various loading conditions with high spatial 
resolution and in situ observation of sample deformations [179]. These techniques have 
facilitated the exploitation of the mechanical/physical properties, including tensile, bending 
and resonance at a nanoscale [9, 197, 257]. However, development of technologies for the 
thermal properties of nanomaterials is still at an early stage. To heat up extremely small 
specimens or a certain section of a nanomaterial, novel heating technologies at a nanoscale 
are required. In comparison, most current techniques create only a heated environment that 
results in indiscriminative sample treatment. Based on the fusion phenomenon of titanates 
under an electron beam as observed in Chapter 5, a potential application of localised heat 
generation is demonstrated which is based on electron beam assisted heating of rutile 
nanorods. In this chapter, the ability of rutile solids to adsorb energy from incident electrons 
is demonstrated to be an effective heating source to melt metal NWs (Ag, Cu and Ni). The 
required e-beam energy is considerably mild (75 pA/cm2) so that in situ observation and 
precise control over the melting rate can be achieved. Direct melting of Ag and Cu is not 
applicable under EBI due to their high thermal conductivity even with high current density 
(500 pA/cm2). When isolated in a poor thermal conductive environment; a rutile nanorods 
can convert electron energy to thermal energy and accumulate the heat on itself. Thus, the e-
beam irradiated rutile nanorod becomes a heating source generating high temperatures for 
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melting adjacent materials while not so high as to melt the nanorod itself. Tuning of the e-
beam energy allows control over the heat generation rate and thus the melting process.  
6.2 Materials Preparations 
6.2.1 Synthesis of Ag NWs 
Ag NWs with a thickness between 60 to 100 nm and a NW length of up to 20 µm are 
synthesised via the following process: 5.86g poly(vinylpyrrolidone) (PVP) (Mw: 55000) is 
added to 190 mL glycerol in a 250 mL flask and the mix is stirred at 90°C for 3 hours. After 
the solution temperature is cooled down to room temperature, 1.58 g AgNO3 power is 
dropped into the solution. Afterwards, a 10 mL glycerol solution containing 59 mg NaCl and 
0.5 mL H2O is added in the flask. The mixture solution temperature is raised from room 
temperature to 210°C for 30 minutes with gentle stirring (50 rpm). When the temperature 
reaches 210°C, the heating process is stopped immediately and the solution is allowed to 
return to room temperature. A grey-green solution is obtained and the suspension is washed 
with ethanol twice to remove the PVP residue. Finally, the Ag NW product is stored in 
ethanol at room temperature. The chemicals used in this experimental process were 
purchased from Sigma Aldrich. 
6.2.2 Synthesis of Cu NWs 
For the synthesis process, 0.29 g CuCl2• H2O is dissolved in 140 mL deionised water 
under stirring. Then, 0.7 g glucose and 2.52 g hexadecylamine (HDA) is added to the solution 
and stirred under room temperature for 6 hours. After the mixture is uniformly mixed, the 
solution is transferred to a 125 mL Teflon vessel autoclave and heated at 160°C for 48 hours. 
The resulting red-brown solution is washed with water three times and with ethanol once 
before being stored in 100% ethanol at room temperature.  
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6.2.3 Nickel NWs  
Samples with an average diameter of 250 nm and a length up to 200 µm are directly 
purchased from PlasmaChem GmbH.  
6.2.4 Production and transferring of metal nanomesh 
The Au metal mesh is prepared from a mesh template of a monolayer of close-packed 
periodic hexagonal polystyrene (PS). Primarily, the PS particles are dispersed on the water 
surface to form a self-assembled layer before being deposited on a poly(methyl methacrylate) 
PMMA coated glass substrate. The PMMA layer is coated on a glass substrate using spin 
coating at 1500 rpm. The water is then slowly extracted from the bottom leaving the PS 
particles sitting on the substrate. Subsequently, oxygen reactive-ion etching (RIE) was 
applied at 60 W in flowing O2 gas for 70 s to etch away the PS surface. Then, thin Au films 
of a thickness from 50 to 100 nm are evaporated onto the substrate using electron beam 
deposition. Finally, the PS particles are removed from the substrate using adhesive tape 
leaving metal nanomesh (NM) on the PMMA-glass substrate. The resulting metal mesh 
presents a porous film structure with a tailorable hole size. In this work, the hole size is 
produced to be 300 nm. Once the metal NM is produced, they can be transferred to other 
substrates by first dissolving the PMMA using acetone. The TEM grid is then merged in an 
acetone solution overnight to wash off the remaining PMMA. In this work, the transferred 
substrate is a TEM gilder copper grid with a 1500–2000 mesh size (Gilder 1500 mesh grid, 
CU, VL/15 and Gilder 2000 mesh grid, CU, VL10 from Ted Pella, Inc.). The newly produced 
TEM mesh performs as a fine conductive substrate for hosting STNWs and rutile 
nanoparticles.  
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6.3 Results and Discussion 
6.3.1 Structural characterisation of Ag NWs 
The TEM image in Figure 6-1a shows the thickness of a typical Ag NW synthesised 
using the above approach. The electron diffraction pattern in Figure 6-1b shows the NW 
having a single crystalline structure where the (200), (002) and (2�02) planes are detectable 
under the zone axis [010]. The electron diffraction pattern and the measured d-spacings of the 
above planes confirm the structural characteristics of the Ag NWs. The crystal system of Ag 
is cubic with space group Fm3�m. Detailed lattice parameters are as follows: a=b=c=4.0862Å.  
A HRTEM image of the NW shows that the Ag NWs present a smooth surface which is 
generally what is observed (Figure 6-1c). The FFT pattern derived from the blue box also 
confirms the lattice characteristics of a single crystalline Ag NW (Figure 6-1d) with likely 
formation of twining. 
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Figure 6-1: (a) A TEM image of an Ag NW. (b) The electron diffraction pattern taken from 
the red square area in (a). (c) A HRTEM image taken at the edge of the Ag NW showing the 
lattice fringes of the crystal. (d) A Fast Fourier transformation image taken from the blue 
square area in (c).  
6.3.2 Structural characterisation of Cu NWs 
A TEM structural characterisation is carried out on the synthesised Cu NWs as 
presented in Figure 6-2. The thickness of the NWs is generally around 100 nm (Figure 6-2a) 
and the electron diffraction pattern shows that the NWs form single crystalline structures with 
possible twining among the lattice structures or oxidised surface layer as indicated by the 
group of spots in the diffraction pattern (brown circle in Figure 6-2b). A HRTEM image 
shows a well crystallised Cu structure at the NW core whereas a layer of amorphous CuO can 
be detected at the outer layer (Figure 6-2c). An FFT image generated from the high 
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resolution image shows that the diffraction pattern is consistent with the diffraction pattern of 
the identified single crystalline Cu. 
 
Figure 6-2: (a) A TEM image of a Cu NW; (b) The electron diffraction pattern of the Cu NW 
in (a) at the zone axis of [011�]. The (111), (200) and (111����) planes of Cu are marked. Twining 
is also observed in the synthesised Cu NW. (c) The HRTEM image of the Cu NW enlarged 
from the red box area in (a), the plane d-spacing is measured to match the crystalline Cu 
structure. 
6.3.3 Structural characterisation of Ni NWs 
The TEM analysis shows the Ni NWs has a relatively thick NW width (>200 nm) and 
a rough surface (Figure 6-3a, b). It is observed from the electron diffraction pattern that the 
Ni NW has a polycrystalline structure and the EDS mapping (Figure 6-3c, d) shows the 
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elemental composition is consistent with Ni NW. The C and Cu signals are generated from 
the TEM sample holder made of an amorphous carbon and Cu frame. 
 
Figure 6-3: (a) A TEM image showing a nickel NW and the inset displays the electron 
diffraction pattern of the area marked by the red square. (b) A TEM image of several Ni NWs 
forming a bundle. (c) An EDS mapping image of the NWs shown in (b) which indicates their 
sole constituent of Ni. (d) An EDS spectrum taken from the area shown in (b) where the clear 
presence of Ni and Cu (from the grid) is indicated. 
6.3.4 Electron beam induced spot melting by rutile particles 
Based on the formation of rutile nanojoints as observed in Chapter 5, thermal energy 
production is clearly a result of the EBI induced rutile fusion which can be used as a heat 
source generating significantly high temperatures. The melting point of rutile is higher than 
that of most metallic NWs and we proposed that EBI induced rutile can controllably melt and 
break adjacent metal NWs placed next to the heat source. The above hypnosis was 
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successfully tested as shown in Figure 6-4. It can be seen from Figure 6-4a that a single Ag 
NW is overlayed on a rutile particle as their initial positions. By focusing the e-beam at the 
centre of the rutile particle (indicated by the red circle), a notable necking deformation occurs 
at the closest point where the e-beam is irradiated (Figure 6-4b). The above process can be 
initiated with a low e-beam current density (around 43 pA/cm2) which means the whole 
melting process can be visualised under the TEM. It is noteworthy that the melting process 
results in loss of materials from the Ag NW instead of replacing the removed materials to the 
other parts of the NW. This phenomenon can be attributed to the low chamber pressure which 
causes the melt metal NW to instantly evaporate. The same melting-vaporisation 
phenomenon is reported for Ag NWs on a TEM sample holder with heating functionality [72]. 
A low-pressure environment can lower the melting point of the metal NWs and the melting 
phenomenon of the Ag NWs suggests the generated temperature is above 600°C [72]. 
 
 
Figure 6-4: TEM images showing the melting of an Ag NW placed adjacent to a rutile 
particle. (a) It shows the original state of the specimen and (b) demonstrates the shrinkage of 
the Ag NW under the EBI treatment of rutile around the area marked with a red circle. 
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6.3.5 The role the surrounding environment plays in the spot melting 
Further in situ EBI tests reveal that the melting process does not require close contact 
between the heat source and target NW. As shown in Figure 6-5a-e, spot melting can be 
achieved even when the rutile particle is placed close to the metal NWs without physical 
contact. When a high intensity EBI (220 pA/cm2) is focused near the bottom end of the rutile 
(marked as the pink circle area), the nearby Ag NW completely disappears (Figure 6-5b, 
where dashed line shows its original position). When the applied EBI (marked by the red 
circle area in Figure 6-5b) intensity is lowered (to 75 pA/cm2), we found that the heat 
generated is relatively low and only mildly affects the neighbouring NWs. As a result, the Ag 
NW can be gradually tailored and deformed into two pointy ends (Figure 6-5b-e). By 
adjusting the beam energy, the melting rate of the target metal NW can be precisely 
controlled.  
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Figure 6-5: (a) Original position of rutile nanoparticle and Ag NW sitting on an amorphous 
carbon film. (b-e) Trimming of Ag NW based on heating effect of the rutile nanoparticle 
from EBI. (f) A HRTEM image of the trimmed Ag NW magnified from (e). A clear lattice 
orientation of the Ag NW is shown. (g) A schematic illustration of the metal NW melting 
progress using spot heating of rutile induced by EBI.  
After breaking, the HRTEM image shows that the structure of the tailored Ag NW 
remains single crystalline as presented in Figure 6-5f in which clear lattice fringes are 
detected. It is successfully demonstrated that rutile particles exposed to EBI are effective spot 
heat generators, accessible to real-time TEM visualisation. Despite being reported that heat 
radiation can be directly transferred in a near vacuum environment [258], the efficiency is not 
high enough to pass on the required amount of thermal energy for melting. For in situ spot 
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heat generation, if the metal NW and heat source is not in contact, transferring the thermal 
energy via a substrate is essential for efficient melting to occur. The case of spot melting in 
Figure 6-5 is attributed to the amorphous carbon film (ACF) substrate. The role of the ACF 
substrate in spot melting is clearly captured in Figure 6-6. As the Ag NW is attached to the 
ACF substrate which connects to a rutile particle (Figure 6-6a), EBI treatment on the rutile 
results in melting, and subsequent shrinkage of the NW length. Interestingly, it can be seen 
from Figure 6-6b that the ACF substrate is elongated and continuously functions as medium 
for thermal energy transfer between the heated rutile particle and the Ag NW. The 
stretchability of the ACF substrate allows its deformation, and the attachment of the ACF to 
the melting NW is likely caused by the low surface energy and materials fusion at the 
interfaces between the two substances. However, the reasons behind this behaviour of the 
ACF film are not clear. Regardless, it is solid to conclude that the melting process is 
applicable under a near vacuum environment provided with a thermal energy transferring 
medium. 
 
Figure 6-6: (a) A TEM image depicting a rutile aggregate and an adjacent Ag NW supported 
by an amorphous carbon film (ACF). (b) A TEM image capturing melting induced shrinkage 
of the Ag NW in (a) which is connected by the ACF as a heat transmitter to the EBI exposed 
rutile.  
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Preferably, the substrate should bear a relatively lower thermal conductivity than 
rutile. In this study, it was found that the ACF is a relatively good heat isolator (compared 
with metal or graphene substrates) [259] which allows thermal heat energy accumulation on 
the supported rutile nanoparticle. A schematic illustration of such substrate related spot heat 
generation and preservation is shown in Figure 6-5g. In comparison, no melting or fusion 
effect is observed while the NWs and rutile particles are placed on a highly conductive 
substrate such as Au nanomesh (structural morphology in Figure 6-7a for SEM image and 
Figure 6-7b for TEM images, respectively). For thermal conductive substrates, the heating 
effect can be negligible since the thermal energy cannot be accumulated to reach the melting 
point of metal NWs. Despite the thermal conductivity variations of the ACF depending on 
their thickness and environment temperature, the value for the ACF is generally of two orders 
of magnitude lower than that for metals like Ag or Cu [260]. Therefore, an ACF sample 
substrate functions as a good heat transmission barrier when melting the metal NWs.  
 
Figure 6-7: (a) SEM image and (b) TEM image of Au nanomesh. Both images show the 
sample holder with a pore size of around 300 nm.  
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6.3.6 Spot melting of Cu and Ni NWs 
To further demonstrate the effectiveness of EBI induced spot melting of metal NWs, 
we conducted EBI treatment on rutile neighbouring metal NWs with a higher melting point 
like Cu (1085°C) NWs. It is shown in Figure 6-8 that three individual Cu NWs are melted 
and deformed to different degrees from the spot melting in a controlled manner (Figure 6-8a, 
b). Eventually, two of the Cu NWs completely disappeared while the morphology of the 
rutile heat source remained intact. The melting of the Cu NWs under EBI treated rutile can be 
predicted due to the high localised temperature generated, despite the higher melting point of 
Cu. The time required to completely melt the Cu can also be relatively fast as shown in the 
Figure 6-8c. 
 
Figure 6-8: TEM images of the gradual melting process of Cu NWs at (a) the initial state 0 
min, (b) 2 min and (c) 4 min. The EBI treated spot on the rutile sample is indicated by the red 
circle.  
EBI induced melting is also carried on Ni NWs, revealing that Ni can be directly 
melted via EBI (103 pA/cm2) despite the higher melting point of Ni (1455°C) (Figure 6-9). 
As the e-beam is focused on the Ni NWs, gradual structural deformation occurs as the wire-
like morphology transforms into a ballistic shape which suggests materials fusion. This 
confirms the previous discussion that the e-beam induced melting of the Ni NWs is attributed 
to their lower thermal conductivity which accumulates heat energy more effectively. The 
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thermal conductivity of Ni is considerably lower than that of Ag and Cu. As a result, thermal 
energy converted from the e-beam energy cannot be effectively dispersed which results in 
instant heating of the Ni metal. This observation is consistent with the hypothesis that the 
melting process of nanomaterials under the e-beam is not only related to the melting points, 
but also has a close relationship with the thermal conductivity of the materials and their 
surroundings. 
 
Figure 6-9: TEM images of the gradual melting process of Ni NWs at (a) 0 min, (b) 2 min, (c) 
4 min and (d) 6 min of mild EBI treatment (53 pA/cm2).  
6.4 Summary 
The thermal activity from the EBI treated rutile can be applied as a controlled heating source. 
Such a heating source can be applied to in situ precise tailoring of metal NWs which are 
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otherwise stable under high beam energy (>400 pA/cm2). Different melting behaviours of 
metal NWs indicate that EBI induced melting is responsive to their thermal conductivity and 
surroundings. Overall, this study provides a novel technique and concept to achieve spot heat 
generation.  
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Chapter 7 : Conclusion and Suggestions to Future Work 
Overall, the study has filled a gap in knowledge about the mechanical and physical 
properties of titanate NWs by conducting experimental and theoretical analyses. From the 
obtained results, atypical mechanical and electron beam interaction behaviours of the STNWs 
were observed from which potential novel applications are proposed. Meanwhile, it is noted 
that a detailed exploration of the materials deformation mechanism is not yet complete due to 
limitations posed by the experimental techniques. In this chapter, a summary of the research 
outcomes is given in section 7.1, followed by limitations of the research in section 7.2. The 
chapter concludes with suggestions and recommendations for future research in section 7.3. 
7.1 Research Summary 
7.1.1 Overall brittle property and bending Young’s modulus of STNWs 
Under three-point bending conditions, it was found that STNWs exhibit a brittle 
behaviour with nonlinear elastic deformation when the bending displacement is larger than 
half the NW’s height. With increasing displacement, the nonlinearity increases. It was shown 
by theoretical analysis that the nonlinear elastic bending behaviour of STNWs can be 
described by the modified Euler–Bernoulli beam model, implementing the influences from 
axial extension, and surface and intrinsic stress effect. The Young’s modulus for STNWs 
with NW width around 400 nm was found to vary between 21.4 GPa to 45.5 GPa and the 
yielding strength of STNWs was calculated to be 2.7 GPa. This research provides the basic 
mechanical properties of STNWs and demonstrates the applicability of theoretical approach 
assisted mechanical testing on NW materials.  
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7.1.2 Massive defect migration of STNWs yet they still fracture in a brittle manner 
From in situ tensile tests, a consistent brittle property of STNWs is observed which is 
independent of NW diameter and initial defects. Increases in the initial defects were found to 
significantly enhance the extensibility of the STNW which, however, does not change the 
brittle nature of the material. It was subsequently found that the initial defect density of the 
NW has a strong correlation with the Young’s modulus of the STNW. The measured 
Young’s modulus ranges from 37 to 250 GPa, with the fracture strain varying from 0.4% to 
2.7%. Strikingly, reversible defect motions that are normally seen in ductile materials are 
observed in the brittle STNW and confirmed via the loading-unloading tests. This atypical 
defect motion and deformation behaviour is likely due to the gliding of the TiO6 layers 
within the STNW structure.  
7.1.3 Anelastic properties of STNWs 
After tensile fracture, reversible migrations of the defects are observed with a slight 
shrinkage of the cantilevered NW length in a time-dependent manner even without external 
loading. Such observation shows that the layered STNWs possess an anelastic property which 
is clearly shown via in situ bending tests. It is worth mentioning that the bending anelasticity 
of STNWs can also be observed for various single crystalline NWs, whereas tensile 
anelasticity is unlikely to occur to the later. This tensile anelasticity is due to the absence of 
stress gradient at the NW cross section under uniaxial loading condition. We would like to 
attribute the tensile anelasticity of STNW to the orientation of the material internal layer 
structure which facilitates reversible layer gliding under tensile condition.  
7.1.4 Formation of ceramic nanojoints 
A demonstration of ceramic titanate joint formation by inducing phase transformation 
on titanate NWs is presented. The joint formation progress, starting with interlayer cation 
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exclusion, was experimentally observed and supported by DFT calculations from the point of 
vacancy formation energy. Subsequent structural reconstruction and fusion leads to the 
formation of uniform rutile joints and a diversity in nanojoint morphology can be obtained 
based on the initial NW orientation and EBI tailoring. 
7.1.5 Stably joining between different ceramic phases 
The ceramic joint structure presents phases of pristine titanate, anatase, and rutile 
where fusion joining occurs. Between the different material phases along the joined NW, 
existence of coherent interfaces is observed which is responsible for the intact joint structure. 
Due to specifically aligned crystal orientations, the different phases can share oxygen atoms 
and the surface energy is minimised. Joining via EBI induced material fusion and formation 
of coherent interfaces is proposed as a novel technique to join ceramic 1D nanomaterials. 
7.1.6 Spot melting based on EBI treated rutile 
Thermal activity from the EBI treated rutile can be used as a controlled heating source. 
Such a heating source can be applied to in situ precise tailoring of metal NWs which are 
otherwise extremely difficult to melt even under high beam energy (>400 pA/cm2). Melting 
behaviours observed on different metal NWs suggest that EBI induced melting is responsive 
to the thermal conductivity of the target metal NWs and surroundings. A novel technique and 
concept is demonstrated to generate spot heating applications in a precisely controlled 
manner.  
7.2 Research Limitations 
7.2.1 Characterisation of defect quantity, type and detailed movement 
It is demonstrated that the role of materials defects are critical to the mechanical 
properties. However, precise and thorough characterisation of the defect types and quantity 
are limited under the experimental approach. This is mainly due to the large testing system 
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and limitations posed to the in situ technique which does not allow stage rotation. Therefore, 
visualisation of defects along certain orientations becomes impossible. Due to the vibrations 
generated during the in situ loading conditions, detailed observations of defect motion is 
limited since the HRTEM imaging is restricted.  
7.2.2 Absence of titanate interatomic potential  
The deformation behaviour of STNWs is linked to the internal layered structure of the 
materials as experimentally supported. Fine analysis of the purposed deformation mechanism 
will require numerical modelling which depicts atomic movements at a smaller scale. 
However, interatomic potential for titanate materials is currently absent and its development 
would require a long-term devotion to the task. Constructing a molecular model for titanate 
NWs with interatomic potential would facilitate numerous investigations of material 
deformation mechanisms.  
7.3 Future Work 
The research as presented opens up several topics in regard to the fundamental 
understanding and engineering applications of layered titanate NWs which are believed to be 
the beginning of the layered 1D materials investigation. Several potential directions can be 
explored based on the results and phenomenon observed from the current investigation. 
• As mentioned in the research limitation, the development of interatomic potential is 
essential in order to exploit the detailed deformation of layered titanate materials. 
• Potentially interesting deformation behaviours are expected from NWs with different 
interlayer cations and spacing.  
• Investigation of bending anelasticity is still in the early stages and covers only limited 
types of nanomaterials. Therefore, more research needs to be done to answer 
questions regarding the role of internal sinks (e.g. heterogeneous layer structure, grain 
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or interface boundary), initial defects, size-dependence, and how facile is anelasticity 
to a wider range of material types?  
• Ceramic titanates are reactive to electron beams and investigation into joint formation 
and determining coherent interfaces on other inorganic materials is of great interest. 
The EBI induced phase transformation property of titanates can be potentially used to 
bond ceramic nanomaterials. Their e-beam sensitivity also makes them potential 
candidates as novel nano-3D-printing materials.  
• After forming coherent joints, follow-up investigations into their mechanical and 
conductive properties are of great interest. This would provide useful guidance in the 
design of materials bonding and to determine possible applications.  
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